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Introduction

The Material Recovery and Waste Form Development (MRWFD) Campaign under the U.S. Department of
Energy (DOE) Fuel Cycle Technologies (FCT) Program is responsible for developing advanced separation
and waste form technologies to support the various fuel cycle options defined in the DOE Nuclear Energy
Research and Development Roadmap, Report to Congress (April 2010). This MRWFD accomplishments report
summarizes the results of the research and development (R&D) efforts performed within MRWFD in Fiscal
Year (FY) 2016. Each section of the report contains an overview of the activities, results, technical point of
contact, applicable references, and documents produced during the FY.

This report briefly outlines campaign management and integration activities but primarily focuses on the
many technical accomplishments of FY 2016. The campaign continued to use an engineering-driven,
science-based approach to maintain relevance and focus.

MRWFD management and integration activities included international collaboration activities (with France,
China, Japan, the European Union, and the International Atomic Energy Agency), integration activities with
other campaigns (i.e., Advanced Fuels, Used Fuel Disposition, Fuel Cycle Options, and Material Protection,
Accountancy and Control Technology), and integration with the DOE Office of Environmental Management
(EM).

Technical accomplishments are reported under the following R&D

categories: MRWEFD Mission

o Reference Technologies and Alternatives Develop advanced fuel
cycle separation and

waste management
e Sigma Team for Off-Gas Capture and Immobilization technologies that improve

e Sigma Team for Advanced Actinide Recycle

current fuel cycle
performance and enable a
¢  Waste Form Development and Performance sustainable fuel cycle, with
reduced processing, waste
generation, and potential

e Co-Decontamination Process (CoDCon) Demonstration for material diversion.

¢ Fundamental Separation Data/Methods

e Domestic Electrochemical Processing

e Fuel Resources.

MISSION

The MRWFD Campaign applies expertise and technical capabilities to a wide array of applications. The
mission of MRWEFD is to:

Develop advanced fuel cycle separation and waste management technologies that improve current fuel

cycle performance and enable a sustainable fuel cycle, with minimal processing, waste generation, and
potential for material diversion.
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Mission implementation is outlined in the Material Recovery and Waste Form Development Campaign
Implementation Plan issued in November 2012. The plan will be revised following issuance of a new Nuclear
Energy Roadmap, which is expected in FY 2017.

OBJECTIVES
The objectives of the MRWFD Campaign are to:

e Develop technologies that support the current once-through fuel cycle and have near-term potential
application

¢ Develop a fundamental and practical understanding of methods for the separation of uranium and
transuranic elements from used nuclear fuel (UNF)

e Develop a fundamental and practical understanding of the factors affecting performance of advanced
waste forms

e Develop and demonstrate enabling technologies to separate and immobilize gaseous fission products
from UNF treatment

¢ Demonstrate predictable performance of advanced waste forms and processes with greatly improved
cost and performance.

CHALLENGES
Challenges facing the MRWFD Campaign include:

e Separating trivalent actinides from lanthanides

e Capturing and immobilizing off-gas constituents of UNF, including iodine, krypton, tritium, and
potentially carbon in a cost-effective manner meeting current U.S. regulations

¢ Developing separation technologies and waste forms that are interrelated with the types of fuels being
processed, the types of fuels being fabricated, and the reactors used to burn recycled fuels

e Measuring waste form lifetimes in a laboratory, which is impossible, considering that lifetimes are on
the order of hundreds of thousands to millions of years

e Assessing proliferation risk of separation technologies that is very subjective and must be done in the
context of the entire fuel cycle (mining to disposal).

CAMPAIGN STRUCTURE

The campaign is organized in a flat structure to facilitate cross-campaign integration. Federal project
directors are responsible for oversight and approval of all MRWFD work activities. The national technical
director (NTD) and deputy NTD are responsible for work prioritization, integration, and management.

Campaign leadership consists of:

e NTD, Dr. Terry Todd, Idaho National Laboratory (INL)
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e Deputy NTD, Dr. John Vienna, Pacific Northwest National Laboratory (PNNL)

e Director, NE-51, Office of Systems Engineering and Integration, Dr. Patricia Paviet, DOE-NE

e Federal project director, Dr. James Bresee, DOE-NE

e Federal project director, Domestic Electrochemical Separations Technology and Fuels Resources,
Dr. Stephen Kung, DOE-NE

e Federal project director, Waste Forms Development and Performance and Sigma Team for Off-Gas
Capture and Immobilization, Ms. Kimberly Gray, DOE-NE.
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Collaborations

T A. Todd (INL) and ]. D. Vienna (PNNL)

INTERNATIONAL ATOMIC ENERGY AGENCY

The United States (U.S.) has a long history of nuclear energy R&D collaboration with the international
community through the International Atomic Energy Agency. Specific areas of MRWFD collaboration in
FY 2016 include:

e Participation in the Technical Meeting on Advanced Fuel Cycles for Waste Burden Minimization

e Participation in the coordinated research project known as Processing Technologies for High-Level
Waste, Formulation of Matrices, and Characterization of Waste Forms

e Participation in the preliminary study known as Waste from Innovative Types of Reactors and Fuel
Cycles.

These collaborations share methods, technologies, and research among practitioners from the member
states. As such, there is a distinct advantage to campaign participation in that researchers gain valuable
insight into the results from a wide range of member states. This insight and these results can be leveraged
in meeting campaign R&D objectives.

EU-DOE

The European Union (EU) Framework Safety of ACtinide SEparation ProceSSes (SACSESS) program is a
3-year effort that follows the successful EU Actinide reCycling by SEParaTion (ACSEPT) program that ran for
the 4 previous years and developed and demonstrated a number of new minor actinide separation
processes. This program includes most of the leading European separation experts from the Commissariat a
I'Energie Atomique (CEA) in France; the National Nuclear Laboratory in the United Kingdom (UK);
Forschungszentrum Jiilich (FZ-J), Karlsruhe Institute of Technology, and the Institute for Transuranium
Elements in Germany; Chalmers University in Sweden; and the Czech Technical University and the Nuclear
Research Institute in the Czech Republic, along with 15 other European universities.

Irradiation of process samples representative of the EU’s innovative selective actinide extraction (SANEX)
process were completed in the INL solvent degradation test loop. Previous static irradiations of the system
performed at Centro de Investigaciones Energéticas, Medioambientales y Tecnoldgicas in Spain indicated
that the aqueous soluble stripping reagent would completely decompose within 250 kGY of irradiation.
Results from the testing in the solvent degradation test loop indicated that when the stripping agent is
irradiated in contact with the organic solvent, very little degradation takes place. This finding was critical for
the SACSESS program to move forward with the innovative SANEX process for flowsheet testing. A journal
article summarizing this work was published in Industrial and Engineering Chemistry Research.

A successful lab-scale flowsheet test of the Advanced Trivalent Actinide Lanthanide Separation by
Phosphorus-reagent Extraction from Aqueous Komplexes (TALSPEAK) system was performed at FZ-] in June
2016 as part of the SACSESS collaboration. This test used a simulated feed solution containing lanthanide
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elements and was spiked with 241Am and 244Cm to determine the degree of separation between the
lanthanides and the minor actinides. Excellent hydrodynamic performance was observed in the 1-cm
centrifugal contactors used in the test. High separation factors between the lanthanides and actinides were
achieved in the test. A series of three journal articles is being prepared to describe the Advanced TALSPEAK
system.

In the frame of the U.S.-Czech scientific collaboration program, Pavel Bartl, a Ph.D. student from the Czech
Technical University in Prague, Faculty of Nuclear Sciences and Physical Engineering, spent more than 5
months studying the kinetics of actinide solvent extraction at Argonne National Laboratory (ANL) under
supervision of Dr. Artem Gelis.

MRWEFD personnel participated in the final SACSESS International Workshop held in Montpelier, France, in
June 2016. This workshop was held directly following the 5th International ATALANTE Conference on
Nuclear Chemistry for Sustainable Fuel Cycles held in Montpellier, France.

CEA-DOE

The U.S. and France share a long history of nuclear energy R&D collaboration, particularly in the area of
separations and waste management. These collaborations are primarily with the CEA. Five primary areas of
collaboration between CEA and DOE were active in FY 2016: online monitoring, solvent degradation,
radioiodine separation and immobilization, radionuclide release from glass, and glass waste form property
modeling. The U.S.-CEA Bilateral Steering Group meeting was held May 2016 in Paris, France.

Online Monitoring

The first area of focus for FY 2016 was associated with advancement of technology for in situ analytical
measurements of nitric acid, lanthanides, and actinides in solvent extraction media. FY 2016 collaboration
focused on the application, measurement, and analysis of solutions in microfluidic cells. A micro-Raman
probe was obtained by PNNL through a Small Business Innovation Research program collaboration for the
purposes of integration with microfluidic cells. Initial testing of this micro-Raman probe and microfluidic
cell was performed as described in “Reference Technologies and Alternatives” on page 16.

Solvent Degradation

The radiolytic stability of potential fuel cycle extractants of common interest is being investigated as a
collaboration between INL and CEA. The study of one such extractant, diethylhexylisobutyramide (DEHiBA),
has been completed. DEHiBA has been irradiated under various conditions of acidity and aeration, and the
radiolysis rates and products were evaluated at both INL and CEA. Degradation rates and impact on
extraction of uranium have been evaluated, and specific degradation products formed have been identified.
Results indicate the DEHiBA is relatively radiation-stable. A collaborative journal manuscript that addresses
these findings in detail has been prepared with co-authors at INL and CEA-Marcoule.

Radioiodine Separation and Immobilization

Progress was made in FY 2016 in collaborations associated with the capture and immobilization of
radioiodine. Oak Ridge National Laboratory (ORNL) fabricated and tested an iodine capture cell compatible
with the CEA ATelier Alpha et Laboratoires pour ANalyses, Transuraniens et Etudes de retraitement
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(ATALANTE) dissolver off-gas stream. This capture cell is to be installed at the ATALANTE facility by CEA
and used to test iodine capture materials developed by both the U.S. and France to generate data on
prototypic dissolver off-gas streams and compare media. Approval was received to ship the unit to France by
the ORNL export control office. The decision on shipping the unit remains with the DOE-NE program office
and CEA.

Radionuclide Release from Glass

Improved understanding of the mechanisms and rates of glass corrosion is another focus of the DOE-CEA
collaboration. During FY 2016, a joint research paper (Gin, S., L. Neill, M. Fournier, P. Frugier, T. Ducasse, M.
Tribet, A. Abdelouas, B. Parruzot, J. Neeway, and N. Wall, 2016, “The controversial role of inter-diffusion in
glass alteration,” Chemical Geology, Vol. 440, pp. 115-123) was published. This paper describes the results of
tests aimed at understanding the conditions in which inter-diffusion and surface reaction occur. It was
found that, far-from- and close-to-saturation conditions must be distinguished. Inter-diffusion takes place in
acidic conditions and far from saturation. However, closer to saturation, when a sufficiently dense layer is
formed, a new approach is proposed requiring a full description of chemical reactions taking place within
the alteration layer and an accurate budget of hydrous species along the profile, because it is thought that
the access of a sufficient amount of water to the pristine glass may be the rate-limiting process in these
conditions.

Glass Waste Form Property Modeling

For more than 30 years, DOE and CEA have invested heavily in the development of nuclear waste glass
technology. Sharing of data, methods, and models benefits both nations in our efforts to improve the science
and technology of waste vitrification.

In FY 2016, PNNL evaluated a combined U.S. and French database of long-term static corrosion test results
to determine composition effects on acceleration of alteration. The results are being prepared for discussion
with CEA-Marcoule colleagues in our planned exchange in FY 2017. Plans also include the modeling of
physical properties of MoOs-rich melts, including viscosity, electrical conductivity, phase separation
temperature, and density. Both organizations have developed such data on a limited number of
compositions, and the combined data will allow for significantly improved understanding of composition
effects.

PEOPLE’S REPUBLIC OF CHINA-DOE

As the two largest energy consumers in the world, the U.S. and the People’s Republic of China (PRC) share
the view that nuclear energy is indispensable as an energy source for combating climate change as well as
ensuring energy security. Further cooperation between both countries in the area of peaceful uses of
nuclear energy will advance our shared objectives of nuclear nonproliferation, safety, and security. The PRC-
U.S. Bilateral Civil Nuclear Energy Cooperation Action Plan signed in Vienna, Austria, on September 18,
2007, is a programmatic commitment for both countries to further facilitate joint long-term R&D
collaborative activities in advanced civilian nuclear technologies. Six technical working groups have been
established and organized under the U.S.-China nuclear energy action plan cooperation framework: (1)
Advanced Separation Technologies, (2) Fast Reactor Technologies, (3) Advanced Fuels and Materials
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Development, (4) Nuclear Safety Enhancement, (5) Spent Fuel Storage and Repository Sciences, and (6)
High-Temperature Reactor Technologies.

The Separations Technology Working Group’s mission is the collaborative development of advanced
reprocessing and waste-form production methods that enhance safeguards, provide economic benefits, and
reduce environmental impacts. The working group’s objective is achieving a mutually beneficial and
equitable program of technological collaboration on the back end of the nuclear fuel cycle. Collaborative
activities have been focused on:

e  Tritium and iodine management for advanced reprocessing
¢ Development of advanced aqueous product conversion methods
e Pyrochemical recycling research facilities and technology development

e Advanced online process monitoring and control instrumentation developments.

Information-exchange meetings have taken place to discuss topics related to head-end tritium capture,
including requirements and regulatory issues, iodine capture, iodine waste forms, and other off-gas
management issues.

The Eighth Joint Technical Working Groups Meeting under the China-U.S. Bilateral Civil Nuclear Energy
Cooperation Action Plan was held October 27-29, 2015, in Qingdao, China. lodine capture and
immobilization remained the primary focus for collaboration, because iodine is the most challenging volatile
radionuclide to control and is an area of continued R&D interest worldwide. The near-term goal is to
exchange primary iodine sorbent materials (to the extent possible), conduct comparative tests, and critically
assess results. Following the meeting, the U.S. team had the opportunity to tour the AP1000 reactors under
construction at Haiyang Nuclear Power Plant.

The Ninth Joint Technical Working Groups Meeting was held September 19-21, 2016, in Idaho Falls, Idaho.
The following were identified as areas for future activities: iodine capture and management, tritium
management, and co-extraction and co-decontamination studies. The next technical working group meeting
should be held in China (possibly Beijing) and may include tours of the China Reprocessing and
Radiochemical Laboratory.

Six-Nation Collaboration on Long-Term Performance of Glass

DOE is co-leading a Six-Nation collaborative effort to develop the technical basis for an international
consensus on nuclear waste glass corrosion rate model along with CEA (France) and the Japan Atomic
Energy Agency (JAEA). Participating in the collaboration are Belgium (SCK-CEN), France (CEA, Subatech),
Germany (University of Bonn), Japan (JAEA, Kyushu University, Tokyo University), the UK (National Nuclear
Laboratory, Sheffield University, Amec), and the U.S. (ANL, PNNL, Pennsylvania State University, Savannah
River National Laboratory [SRNL], University of North Texas, Washington State University).

Although the international community agrees on which phenomena occur during glass alteration,
insufficient data are available on alteration rates to understand which control long-term performance under
which disposal conditions. These processes include:
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¢ [on exchange between solid glass and solution
e Surface-controlled reaction
e Transport of ions to and from reacting glass surface

e Impact of alteration product formation.

Representatives from the six major partners shared data, techniques, and theories at two international
workshops associated with a major conference in May in Madison, Wisconsin, and in September in Sheffield,
UK. The status of the series of collaborative research tasks were discussed. This effort resulted in the
production of four research articles between different international teams during the year.

JAEA-DOE

Collaboration with Japan on separations technology is carried out by the Civil Nuclear Working Group
chartered under the U.S.-Japan Bilateral Commission on Civil Nuclear Cooperation. Japanese technical
participation in the activities of the working group is primarily from JAEA, with occasional involvement of
the Central Research Institute of the Electric Power Industry (CRIEPI).

The fourth meeting of the Civil Nuclear Working Group, as well as a steering committee meeting, was held at
Oarai, Japan, in January 2016 to review action plans and initiate discussions on detailed collaboration topics.
Three areas relative to MRWFD are part of the collaboration: aqueous separation from oxide fuels,
borosilicate glass corrosion, and uranium extraction from seawater.

In 2016, branched alkylamide extractants synthesized at JAEA were shipped to INL for testing with Am(VI)
extraction. A researcher from JAEA, Masahito Nakase, visited INL for 2 months and participated in testing of
Am(VI) extraction with the branched alkyl monoamide (BAMA) ligands.

The objective of the borosilicate glass dissolution study is to improve the understanding of the mechanisms
governing glass dissolution in different geological environments, leading to a robust and defensible model
for calculating long-term radionuclide releases under potential disposal conditions. Near-term cooperation
will focus on (1) identification of alteration rate acceleration mechanism and conditions, (2) investigation of
the protective nature of glass alteration layers in closed or open systems, and (3) development of fully
coupled reactive transport models to consider the long-term impacts on disposal environments. Detailed
plans for three tasks were previously finalized, and collaborations continued throughout the year. Progress
in FY 2016 was promoted through three technical expert meetings and joint research experiments. In

Task 1, PNNL developed a novel in situ monitoring technique to detect rate acceleration conditions, while
JAEA ran dynamic (flow-through) tests in a micro-channel reactor to quickly determine how ions other than
silicon impact dissolution. The results from these techniques will be combined to improve understanding of
alteration acceleration. In Task 2, layers from micro-channel flow-through tests performed at Kyushu
University were evaluated with ellipsometry, secondary ion mass spectrometry (SIMS), and laser scanning
microscopy at PNNL, and micro-Raman at JAEA. The results suggest that layers formed in near-saturation
flowing conditions with a range of different solutes. A joint research article was drafted and is ready for
submission. Research in Task 3 between both nations has developed reactive transport corrosion models
that will be compared and benchmarked in the future Six-Nation Collaboration on Long-Term Performance
of Glass.
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OFFICE OF NUCLEAR ENERGY-OFFICE OF ENVIRONMENTAL MANAGEMENT COLLABORATION

A long-standing interaction exists between DOE-NE and DOE-EM, particularly in the areas of separations,
waste forms, and disposal research. Many laboratory researchers work jointly for DOE-NE and DOE-EM, and
many of the program objectives are similar. This close collaboration was formalized in 2011 by a
memorandum of understanding between DOE-EM and DOE-NE for UNF and radioactive waste management
and processing R&D. The memorandum of understanding, signed by Assistant Secretaries P. Lyons and

I. Triay in March 2011, describes a policy of collaborative research and highlights several collaborative
research tasks.

Ajoint DOE-EM/DOE-NE/international glass corrosion study started in 2010 and continued through 2016.
In FY 2016, a joint DOE-EM/DOE-NE Integrated Research Project was funded at Rutgers University to
understand the fundamental science governing the development and performance of nuclear waste glasses.
Over the next 3 years, results will be generated at the nexus of the DOE-EM and DOE-NE objectives in waste
glass design and testing.
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Nuclear Energy University Program (NEUP) Partnerships

ACTIVE PROJECTS AWARDED IN 2013

Texas A&M University  Mixed Metal Phosphonate-Phosphate Resins for Separation ~ Abraham Clearfield
of Lanthanides from Actinides

Pennsylvania State Glass Composition and Solution Speciation Effects on Stage  Carlo Pantano
University Il Dissolution

University of lllinois Performance of a Steel/Oxide Composite Waste Form for J. Ernesto Indacochea
at Chicago Combined Waste Streams from Advanced Electrochemical

Processes over Geological Time Scales

Oregon State Organic Speciation and Interactions in ALSEP - 1 Step Alena Paulenova
University Partitioning Process of Minor Actinides, Lanthanides, and
Fission Products

Washington State Managing Zirconium Chemistry and Phase Compatibility in Nathalie Wall
University Combined Process Separations for Minor Actinide

Partitioning
University of North Molecular Dynamics-Based Simulations of Bulk/Interfacial Jincheng Du
Texas Structures and Diffusion Behaviors in Nuclear Waste Glasses
University of Idaho Off-Gas Treatment: Evaluation of Nano-Structured Sorbents  Vivek Utgikar

for Selective Removal of Contaminants

University of Thermally and Chemically Responsive Nanoporous Pieter Stroeve
California, Davis Materials for Efficient Capture of Fission Product Gases
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ACTIVE PROJECTS AWARDED IN 2014

Rutgers University Apatite- and Sodalite-Based Glass-Bonded Waste Forms for Ashutosh Goel
Immobilization of %I and Mixed Halide Radioactive Wastes

Clemson University A New Paradigm for Understanding Multi-Phase Ceramic Kyle Brinkman
Waste Form Performance

Syracuse University Sorption Modeling and Verification for Off-Gas Treatment Lawrence Tavlarides
Colorado School of Controlling Hexavalent Americium — A Centerpiece to a Jenifer Braley
Mines Compact Nuclear Fuel Cycle

University of Combining Experiments and Simulations of Extraction Mikael Nilsson
California, Irvine Kinetics and Thermodynamics in Advanced Separation

Processes for UNF

Georgia Institute of Zeolite Membranes for Krypton/Xenon Separation from Sankar Nair
Technology Spent Nuclear Fuel Reprocessing Off-Gas
Ohio State University  Rare Earth Electrochemical Property Measurements and Jinsuo Zhang

Phase Diagram Development in a Complex Molten Salt
Mixture for Molten Salt Recycle

University of Nevada,  Effect of Metallic Li on the Behavior of Metals in Molten Salts  Dev Chidambaram
Reno
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ACTIVE PROJECTS AWARDED IN 2015

Washington State
University

University of
Nevada, Las Vegas

Missouri University
of Science & Tech

Colorado School of
Mines

University of
Tennessee at
Knoxville

California State

University, Long Beach

California State

University, Long Beach

Pennsylvania State
University

Understanding Influence of Thermal History and Glass John McCloy
Chemistry on Kinetics of Phase Separation and Crystallization

in Borosilicate Glass-Ceramic Waste Forms for Aqueous

Reprocessed High-Level Waste

Purification of Zirconium Cladding Using a Chloride Volatility Frederic Poineau
Process

Phase Separation and Crystallization of Complex Borosilicate Richard Brow
Melts for Glass-Ceramic Waste Forms

Kr/Xe Separation over Metal Organic Framework Membranes Moises Carreon

Purification of Zirconium Tetrachloride from UNF Cladding Craig Barnes

Elucidation of the Kinetics of Advanced Separation Systems Stephen Mezyk

Building Quantitative Relationships between Ligand Structure  Stephen Mezyk
and Its Reactivity with Organic Radical Species

Fundamental Electrochemical Properties of Liquid Metals in Hojong Kim
LiCI-KClI for Separation of Alkali/Alkaline-Earths (Cs, Sr, and Ba)
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ACTIVE PROJECTS AWARDED IN 2016

Colorado School of Overcoming Kinetic Barriers to Actinide Recovery in ALSEP Mark Jensen
Mines

Florida International Americium Separation by Electrochemical Oxidation Chris Dares
University

Syracuse University Mechanistic Understanding of Silver Sorbent Aging Larry Tavlarides

Processes in Off-Gas Treatment

University of Idaho Advanced Electrochemical Separations of Actinide/Fission Batric Pesic
Products via the Control of Nucleation and Growth of
Electrodeposits

University of In Situ Raman Spectroscopy for Determining Actinide Dev Chidambaram
Nevada, Reno Speciation and Concentration
University of Utah Immobilization of High-Level Waste Salt in Dechlorinated Krista Carlson

Zeolite Waste Forms
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FUEL RESOURCES PROJECTS AWARDED IN 2013

University of Texas Cost and System Analysis of Innovative Fuel Resources Erich Schneider

at Austin Concepts

City College of New Recovery of Uranium from Seawater: Polymer-Supported Spiro D. Alexandratos
York Aminophosphinates as Selective Extractants

Woods Hole Advances in the recovery of uranium from seawater: studies Ken O. Buesseler
Oceanographic under real ocean conditions

Institution

University of Chicago =~ Development of Novel Porous Sorbents for Extraction of Wenbin Lin

Uranium from Seawater

University of Idaho Innovative Elution Processes for Recovering Uranium and Chien M. Wai
Transition Metals from Amidoxime-Based Sorbents

University of Alabama  Using lonic Liquids for the Development of Renewable Robin D. Rogers
Biopolymer-Based Adsorbents for the Extraction of Uranium
from Seawater and Testing Under Marine Conditions

FUEL RESOURCES PROJECTS AWARDED IN 2014

University of Selective ligands for uranyl via combinatorial peptoid John Arnold
California Berkeley libraries: A synthetic, structural, thermodynamic and
computational study

University of South Functionalized Porous Organic Polymers as Uranium Nano- Shenggian Ma
Florida Traps for Efficient Recovery of Uranium from Seawater

Georgia Institute of Optimizing Polymer-Grafted Amidoxime-based Adsorbents  Sotira Yiacoumi
Technology for Uranium Uptake from Seawater

Massachusetts Extraction of Uranium from Seawater: Design and Testing of  Alexander H. Slocum
Institute of a Symbiotic System

Technology

Page 14



2016 ACCOMPLISHMENTS

FUEL RESOURCES PROJECTS AWARDED IN 2015

University of California
Riverside

University of Maryland

Quantitative Prediction of Uranium Speciation and De-en Jiang
Amidoxime Binding in Seawater from Advanced Simulation
Techniques

Enhancement of the Extraction of Uranium from Seawater Mohamad Al-Sheikhly
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Reference Technologies and Alternatives

SOLVENT DEGRADATION MECHANISMS
D. R. Peterman and J. D. Law (INL)

Researchers at INL are studying the impacts of gamma radiolysis on the actinide lanthanide separation
(ALSEP) extraction process. The ALSEP process was developed through a joint collaboration between ANL
and PNNL (Gelis and Lumetta 2014, Lumetta et al. 2014). This process uses an organic solvent consisting of
a neutral diglycolamide extractant, N,N,N,N’-tetraocylydiglycolamide (TODGA) or N,N,N,N-tetra(2-
ethylhexyl)digylcolamide (T2ZEHDGA), and an acidic extractant 2-ethylhexylphosphonic acid mono-2-
ethylhexyl ester (HEH[EHP]) dissolved in an aliphatic diluent. The actinides and lanthanides are co-
extracted from relatively high nitric acid, and the actinides are selectively stripped using a carboxylic acid
buffered aminopolycarboxylic acid solution. The structures of the compounds used in the ALSEP process
organic phase are depicted in Figure 1.

(0] (6]
PNL o N
O,
C8H17\N N/CSHW NJJ\/O\)]\N
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N,N,N',N '-tetra(2-ethylhexyl)diglycolamide
(T2EHDGA)

(¢}
\/\j\/ﬂ
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OH

2-ethyl(hexyl)phosphonic acid mono-2-ethylhexyl ester
HEH[EHP]

Figure 1. Structures of compounds used in the ALSEP process.

During FY 2015, the solvent degradation mechanisms experimental program at INL focused on examining
two different ALSEP solvent compositions irradiated in contact with different aqueous-phase acidities. The
ALSEP solvent compositions studied contained 0.040 M T2ZEHDGA + 0.60 M HEH[EHP] dissolved in n-
dodecane or 0.050 M T2EHDGA + 0.75 M HEH[EHP] dissolved in n-dodecane; these are denoted as ALSEP A
and ALSEP B, respectively. Static irradiation experiments were designed in order to irradiate the ALSEP A
and B solvent while in contact with either 2 M or 4 M nitric acid (Peterman et al. 2015). During FY 2016,
research efforts focused on the analysis of these ALSEP static irradiations. The results of these analyses were
used to finalize the aqueous and organic phase compositions that were utilized for the ALSEP test loop
irradiation experiments performed in FY 2016. The original plan was to conduct one test loop experiment
(ALSEP B in contact with 4 M nitric acid); however, three additional tests were completed. The ALSEP test
loop experiments performed were:
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e Irradiate ALSEP B in contact with 4 M nitric acid
e [rradiate ALSEP B in contact with 2 M nitric acid

e Irradiate ALSEP B in contact with a scrub diluted feed

e Conduct ALSEP B 4 M nitric acid hydrolysis.

For each of these test loop irradiations, the solvent systems were exposed to approximately 0.8 MGy total
absorbed gamma dose, which corresponds to 180 hours of test loop operation per test.

The impact of gamma radiolysis was evaluated by determining americium, europium, and cerium
distribution ratios (Dm = [Metal]org/[Metal]aq) for each solvent system as a function of absorbed gamma dose.
Plots of the variation of determined values of Dam, Dey, and Dce as a function of absorbed dose for the 4 M

nitric acid, 2 M nitric acid, and scrub diluted feed test loop experiments are shown in Figure 2.
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Figure 2. Values of Dam, Dy, and Dce determined as a function of absorbed dose for the test loop
irradiation of 0.050 M T2EHDGA/0.75 M HEH[EHP]/n-dodecane (ALSEP “B”) in contact with (a) 4.0 M
nitric acid, (b) 2.0 M nitric acid, (c) ALSEP scrub diluted feed, and (d) 4.0 M nitric acid without gamma

irradiation.
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For each ALSEP “B” solvent system irradiated, gamma-irradiation does result in radiolytic degradation of the
ALSEP solvent. However, it should be noted that the impacts of radiolytic degradation on the efficacy of the
ALSEP process appear to be relatively minor. The possible impacts of hydrolytic degradation of the ALSEP
solvent due to prolonged contact with nitric acid was evaluated by determining values of DAm, DEu, and DCe
as a function of contact time with 4 M nitric acid. This experiment was performed in the INL test loop
without gamma irradiation. The values of the distribution ratios determined for the ALSEP hydrolysis test
are also presented in Figure 2. The highest contact time shown in Figure 2d (~185 hours) would correspond
to an absorbed dose of ~ 560 kGy. The distribution data presented in Figure 2d clearly demonstrate that
hydrolytic degradation processes will not adversely impact the efficacy of the ALSEP solvent extraction
process.
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TRITIUM PRETREATMENT (NON-AQUEOUS)
G. D. DelCul, J. A. Johnson, and B. B. Spencer (ORNL)

The FY 2016 accomplishments regarding the development of a tritium pretreatment process were (1) a
preliminary design of instrumentation, data acquisition, and controls; (2) a design of the kilogram- scale
reaction equipment; and (3) fabricated primary reaction equipment components. These accomplishments
were steps toward performing kilogram-scale (DelCul et al. 2016) experiments that will be performed at
ORNL in in the coming years. These experiments will help resolve questions related to scaled performance
and cost.

A dry pretreatment process based on the oxidation of used nuclear fuel is being studied for the removal and
capture of tritium and iodine (DelCul et al. 2015) prior to the fuel dissolution step. The process converts
oxide fuel into a fine powder at low temperature using oxygen and nitrogen dioxide (NOz) as a shuttling
agent. The powder product can be selected to be triuranium octoxide (Uz0s), uranium trioxide (UO3), or a
nitrated form of uranium by adjusting the processing conditions. The UO3 dissolves readily in HNO3 without
gas evolution, allowing for a rapid “fumeless” dissolution that can produce higher concentrations of uranyl
nitrate at lower acidities than may be obtained from direct dissolution of uranium dioxide (UOz). Therefore,
the dissolution time can be shortened from several hours to minutes while also reducing the volume and
acid concentration of the dissolver solution and generating a dissolver product with higher actinide
concentration. The latter advantage potentially translates into smaller tankage and less volume of residual
raffinate waste, decreased facility footprint, and reduced facility cost. Both the UO3 and the nitrated form
can be readily dissolved by an organic solvent (e.g., tributyl phosphate [TBP]), leaving behind most of the
fission products that remain insoluble, greatly reducing the volume of the high-acid raffinate waste stream.
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To date, all of the major tenets of the process to convert from pellets to oxide or nitrate have been tested and
successfully corroborated at kilogram scale with surrogate materials. Inline trapping of iodine and water,
and direct extraction by TBP of either the oxide or nitrate forms, has been tested at laboratory scale with
surrogate materials.

System and Equipment Design

The experimental system will utilize NO and O2 to produce NO2 reactant gas, which will oxidize declad UO2
fuel (to minimize variability). The NO2 reaction system with gas recirculation is depicted in Figure 3. This
schematic shows three primary in-cell reaction components, the reaction vessel (Figure 4), an intermediate
reaction vessel for NO2 generation, and recirculation pump. The planned instrumentation for the flowsheet
shown in Figure 3 designated by the numbered instruments. A data-acquisition unit will be employed to
monitor the data associated with these measurements. Due to the value of hot cell floor space, the
equipment has been designed to be compact, as illustrated in Figure 4. The primary reaction vessel that has
been fabricated (Figure 5) runs perpendicular to the recirculation pump, which is located below the reactor
vessel on a tongue-and-groove removable sheet of aluminum. The primary reaction vessel and mixer rest
above the stand to allow for easy manipulation. The intermediate vessel is housed on the opposite side of
the base. The vessel will be removable, and the stand has a cylindrical lip to secure the vessel in place. The
spacing of the recirculation pump and the intermediate vessel allows for the rotation of the reactor to empty
product powder after reaction. The entire stand will be fabricated of aluminum for reduced weight for easier
remote manipulation.
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Figure 3. Flowsheet for NO2 treatment at ORNL'’s Building 3525.
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Figure 4. Stand design with primary components present. Figure 5. Primary reaction vessel and mixer.

The next steps likely to be performed in FY 2018 are to include fabrication of the frame; procurement of
heating elements, instrumentation, and control equipment; and cold testing of the system before
installation. As a result of the modularity, simplicity, and maneuverability of the system, it will serve as a
versatile and durable reaction unit.
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TRITIUM SEPARATION FROM AQUEOUS
R. Bhave (ORNL)

The release of tritium (as tritiated water [HTO]) from nuclear facilities poses a potential hazard to the
environment. As a result, there is a need to control tritium release to the environment. The application of
combined electrolysis and catalyst exchange (CECE) has been reported for tritium removal from water. CECE
is generally recognized as the current state of the art for decontamination of tritium in light water and heavy
water (HDO) nuclear power reactors where HDO is used both as a reactor moderator and coolant. For the
CECE process, the processing cost for tritium recovery/concentration is directly proportional to the volume
and also requires careful balance of concentration profiles in the column, which is packed with a
hydrophobic catalyst and inert packing material to promote isotopic exchange between aqueous solution
and gaseous hydrogen. Membrane-based tritium concentration, the subject of this effort, may offer several
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advantages over the current state of the art. The membrane system has low operating costs and is relatively
easy to fabricate and directly scalable to handle large-volume, dilute streams. The low-cost operating
features include separation and concentration at ambient temperature and low pressure compared to CECE
or cryogenic distillation.

As discussed in the FY 2015 annual accomplishments report (INL 2015), the proof of principle research was
performed for the separation and concentration of deuterated water using silica aluminophosphate (SAPO-
34) molecular sieve zeolite membranes. Several SAPO-34 zeolite membranes were synthesized and
evaluated for the separation and concentration of HDO. Ideal selectivity calculated from the measured
deuterium concentrations (165 to 2,500 ppm) ranged from about 1.9 to 10.5, depending on membrane
properties and operating conditions. The permeate was recovered under vacuum.

The separation factor of HTO over Hz20 is defined as:

P, P
o _ Curo/ChHy0 )
HTO/Hy0 = 7F_-F
/Hz Curo/CHy0

where, Cfiro and Cf;,, are concentrations of HTO and Hz0 in the permeate, respectively, and Cfiro and Cf,o

are concentrations in the feed or retentate solution. Ideal selectivity is the ratio of vapor permeance
(measured in GPU) of HTO over H20. GPU (gas permeation unit); 1 GPU = 1 x10-¢ cm3/[cm?-sec-cm Hg].

The research focus in FY 2016 was on the evaluation of uncharged (neutral) SAPO-34 and cation exchanged
(modified) SAPO-34 membranes to separate and concentrate HTO from dilute HTO-bearing aqueous
streams. One of the approaches to increase the preferential diffusion of HTO is to vary the self-diffusion
coefficient of water in zeolite pores by incorporating monovalent and divalent cations. It has been reported
that the diffusion coefficient of water can be tuned by several orders of magnitude when the zeolite
structure was exchanged with other cations such as Li+, Na+, K+, and Co?*. The objective of this effort is to
reduce the pore size of the zeolite membrane by modifying the neutral SAPO-34 structure with selected
monovalent and divalent cations. This is due to the fact that small-size polyvalent cations on zeolite
framework sites interact strongly with water dipoles, allowing a more compact packing and ordering of
water molecules in the pores. This is anticipated to substantially reduce the sorption and diffusion of H20
compared to HTO, leading to an increase in HTO selectivity over H20. Reducing membrane thickness is
another approach to reduce adsorption and increase permeance of HTO. These approaches would allow
modification and optimization of the characteristics of cation-exchanged SAPO-34 membranes in terms of
both adsorption and diffusion selectivity.

Hydrogen-exchanged H-SAPO-34 membranes were first prepared by secondary growth on disk-type a-
alumina supports (25.4-mm diameter and 1-mm thickness, CoorsTek). The substrates were seeded using
the smaller-size (100 to 200 nm) SAPO-34 crystals via the steam-assisted conversion method. The seeded
substrate was placed vertically in a Parr autoclave, and hydrothermal growth was carried out at 220°C
followed by calcination at 600°C. The acetate salts of various cations (Li+, Na+, K+, and Co?2*) dissolved in
ethanol were used to introduce them in H-SAPO-34. Concentration of metal salts in ethanol was 0.05 M for
monovalent cations and 0.01 M for divalent ions. The SAPO-34 membrane composition was estimated by
energy dispersive spectroscopy (EDS) analysis and the amount of ion introduced in a single unit cell of
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SAPO-34. For neutral SAPO-34, the composition was H1.55i3.9Al16.8P154072, and for K-exchanged SAPO-34, it
was estimated to be Ho.1K1.6Si45Al16.6P14.9072.

The SAPO-34 seed crystals and membrane were characterized by x-ray diffraction (XRD), and the
synthesized membranes were tested for single-gas permeation in which the driving force is a pressure
gradient. These data were used to calculate the membrane permeance and selectivity from a single gas-
permeation unit. This was helpful to determine the desirable membrane properties in terms of selectivity
and presence of defects. The XRD patterns were analyzed to confirm the previously known and established
phase identification of the synthesized seed crystals. The krypton/xenon separation factor values for the
monovalent and divalent cation-exchanged SAPO membranes were somewhat higher in the range of 15 to
25 compared to those reported for neutral SAPO-34 membranes where the separation ranged from 5 to 15.
The higher ideal gas selectivity values may be indicative of the superior potential for achieving a preferential
selectivity for HTO over H20.

Experiments were performed over a range of HTO concentration that corresponds to the range anticipated
in a nuclear fuel processing system, including both acid and water recycle streams. The HTO concentration
can be in the range of 200 to 1,000 Ci/m3 or 0.2 to 1 mCi/mL. The HTO concentration at the upper end of the
range was used in this study. On a comparative basis, these concentrations are at least 3 orders of magnitude
lower than HDO concentration in HDO experiments. The tritium concentration of 1 mCi/mL corresponds to
about 0.1 ppm HTO in the aqueous solution. The results are summarized in Table 1. The analysis of HTO
concentration in the feed, retentate, and permeate from the pervaporation system was performed using
liquid scintillation analyzer (LSA).

Experiments with HTO were performed using the neutral, monovalent K-exchanged, and divalent co-
exchanged SAPO membrane. The feed HTO concentration was about 1 mCi/mL. In order to simulate the
water recycle stream, pH was varied in the range of 4 to 7. Preliminary experiments show significantly
higher (by a factor of 2 to 3) HTO and H20 permeance values than those reported previously for the neutral
SAPO-34 membrane. This is encouraging as high-vapor permeance combined with high selectivity and is
critical to the development of a cost-effective tritium separation process. The HTO permeance was
measured at 365 and 116 GPU for the co-SAPO-34 and the neutral SAPO-34, respectively. The calculated
ideal separation factor (HTO/H20) was 1.11. Optimization of membrane synthesis is ongoing, which may
further improve selectivity and vapor permeance. Plans for experiments include comprehensive evaluations
of modified (Na-, K-, Li-, and co-exchanged) SAPO membranes to increase vapor transport while maintaining
preferential selectivity for HTO over H20. In FY 2017, efforts will also be directed to develop a better
understanding of the mechanism for the separation of HDO along with the investigation of adsorption and
transport of HTO and H20 through the zeolite membrane layer. (Figure 6)
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TABLE 1. SEPARATION OF HTO WITH SAPO-34 AND K-SAPO-34 ZEOLITE MEMBRANES.

K-SAPO- CO-SAPO- CO-SAPO-

MEMBRANE SAPO-34 SAPO-34 34 34 34
pH 7 4 7 7 5
HTO in retentate (mCi/mL) 1.135 1.054 1.162 1.162 1.162
HTO in permeate (mCi/mL) 0.946 0.946 1.189 1.081 1.108
HTO permeance (GPU) 115.83 190.89 2087.12 365.15 371.39
H,0 permeance (GPU) 116.01 177.50 1701.52 327.54 324.99
Separation factor 0.83 0.89 1.023 0.93 0.95
Ideal selectivity 0.998 1.08 1.23 1.11 1.14

Feed K-SAPO-34

Structure
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K-SAPO-34
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SAPO-34:
Cold Trap Vacuum Silica aluminophosphate

Figure 6. Schematic of the pervaporation system for the separation of HTO.
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ONLINE SAMPLING AND MONITORING
S. A. Bryan, A. ]. Casella, and A. M. Lines (PNNL)

PNNL, operated for DOE by Battelle Memorial Institute, has been investigating spectroscopic-based
approaches for real-time, online monitoring of fuel cycle processes under the Fuel Cycle Research and
Development program. The overall objective of this task is to obtain the fundamental information needed for
the design of online, real-time, process spectroscopic instrumentation for use in monitoring and controlling
fuel reprocessing flowsheets. The capability for continuous online monitoring provides the benefits of
enhanced: accountability of fissile materials, control of the process flowsheet, information on flow
parameters, solution composition and chemical speciation, performance and reduction of worker dose by
eliminating the need for traditional analytical “grab samples.” Continuous online monitoring also improves
operational and criticality safety and reduces opportunity for human error.

The first area of focus for FY 2016 was associated with the second-year continuation of the international
collaboration between the Laboratory of Analysis and Material Metrology of the CEA in Marcoule France and
PNNL for DOE. The purpose of the collaboration is to advance the technology for innovative in situ analytical
measurements of lanthanides and actinides in solvent extraction media. FY 2016 focused on the application,
measurement, and analysis of solutions in microfluidic cells. Figure 7 shows the schematic and photograph
of the micro-Raman probe obtained by PNNL through a Small Business Innovation Research program
collaboration for the purposes of integration with microfluidic cells as well as the resulting measurements
within a microfluidic chip.

E Microfluidic channel
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Channel depth: 250 pm

NaNO, 3,
NaNO; 2

Raman intensity .

NaNO; 1

l_r__l

Focused laser
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Laser point size: 1
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Figure 7. (A) Schematic and (B) photograph of the micro-Raman probe focused on a microfluidic chip; (C)
photograph taken through micro-Raman lens of the laser beam focused within the microfluidic device; and (D)
Raman measurements of variable sodium nitrate/nitric acid solutions within the microfluidic chip.
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Work using the micro-Raman probe involved the following: assessment of the detection limits of uranium
and nitric acid solutions within a micro-flow cell and comparison of these limits with variable path-length
cells; demonstration of calibration transfer to microfluidic-scale samples; integration of the micro-Raman
technique with spectroscopic measurement within a microfluidic chip; and quantitative measurement of
binary solutions containing sodium nitrate and nitric acid with a microfluidic chip using multivariate
chemometric analysis of the micro-Raman measurements. The assembled micro-Raman probe with a micro-
flow cell is shown in Figure 8A, with Raman spectra of various uranium and nitric acid solutions under flow
conditions (Figure 8B) and model predictions for all solution species (Figure 8C).

nitrate band

at 1050 cm!
UO,* band at
871 cm?

HNO o4
-

(@]

@ U predicted

@ HNO a predicted

@ total nitrate predicted
""""" analytical value

~
T

@
T

ES o
T T
1

HNO.4 RS HNO,4 “

HNO;3 uozs , .‘ HMO;3

UO,-5 g

2r H
HNO;-2 H H
“ uo,3¥%:4 H b uo2 3
s HNO; uo,2 H
water Uo,-1 ‘ water , water
120 140 160 180

100
tlme, min

w
T

U, HNOG, total NO ;,, M, predicted

Figure 8. (A) Photograph of the assembled micro-raman probe with micro-flow cell during flow measurements;
(B) Raman spectra from flow-cell experiment; and (C) model predictions of varying UOz(NOs3)z, nitric acid, and
total nitrate from solutions in 8-pl micro-flow cells.

The second focus area for FY 2016 involved the instrumentation and testing of online spectroscopic process
monitoring equipment to measure metal extraction/separation processes. This instrumentation can be
applied to mixer-settlers but was tested on a Lewis cell to determine kinetic parameters. A key result in

FY 2016 was the discovery of an organic extraction phase lanthanide ion intermediate containing a higher
number of coordinated waters of hydration compared to the bulk equilibrium phase metal species, as shown
in Figure 9.
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Figure 9. (A) Visible spectral variations of Nd3+ as a function of time for the organic phase and
(B) changing maxima of the 578-nm peak from the organic spectra.

LABORATORY-SCALE TESTING OF REFERENCE PROCESSES
C. Pereira (ANL)

The reference uranium/plutonium/neptunium recovery process, or co-decontamination, is centered on a
co-extraction of uranium, plutonium, and neptunium from dissolved spent fuel, followed by selective
stripping to recover product streams containing uranium/plutonium/neptunium and a second product
stream containing the remaining uranium. The process requires predictable control of the behavior of the
key species involved in the separations. In terms of flowsheet design, the major factors include controlling
the uranium:transuranic (TRU) ratio in the uranium/plutonium/neptunium product, directing the majority
of the neptunium to the uranium/plutonium/neptunium product, minimizing the extraction of fission
products, and controlling technetium behavior. Laboratory-scale tests of the reference co-decontamination
flowsheet conducted to date suggest that the fission products behave in a manner consistent with the
behavior predicted using the Argonne Model for Universal Solvent Extraction (AMUSE) code.

In FY 2016, a new microfluidic solvent extraction system was developed and installed in a renovated
radiological hood (Figure 10). A new system was required, because the older system is used extensively with
alpha emitters that will significantly affect uranium and neptunium measurements, and that system is not
capable of accurately measuring very fast kinetics, which is required for studying some TBP processes. The
initial sets of tests on the new microfluidic system were run with a uranyl nitrate solution in order to
eliminate the redox state as a variable in the extraction chemistry. Because of the convoluted neptunium
extraction results attributed to a combination of redox chemistry, hydrodynamics, and interfacial
phenomena, the focus this year was on characterizing the behavior of a systems for which the chemistry can
be better controlled, specifically U(VI) in nitric acid in contact with TBP. The uranium tests would also shed
light on any differences between observed behavior of individual species and those species in the presence
of excess uranium. Unfortunately, the rapid kinetics of the higher acidity chemistries were found to be
outside of the range that could be accurately measured by the microfluidic system (due to the limitations of
membrane-based phase separation). The kinetics of the 3 M solutions were in a range that could be
measured with the system; however, the effects of the unstable aqueous-organic interface (due to
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insufficient surfactant) could not be quantified. It was determined that other techniques may be more
suitable for elucidating the complex extraction behavior of neptunium in the co-decontamination process.

Figure 10. Microsystem installed in refurbished radiological hood.

An alternative approach is based on an electrode-based system to characterize redox chemistry. Once again,
the behavior of uranium in contact with TBP was used to set a baseline prior to tests with plutonium,
neptunium, and acetohydroxamic acid (AHA). The reduction of U(VI) to U(IV) was observed at
approximately -0.95 V versus a platinum reference electrode. Because U(IV) prepared by electrolysis is used
to reduce Pu(IV) to Pu(Ill), this is a simple method to quantify the uranium concentration in the feed or
introduced as a reductant. The redox chemical interactions between Pu(IV) and U(IV) under an applied
potential was studied and compared with the effect due to the presence of AHA. The separation factor
(Du/Dpu) was approximately 2.5 times higher when a potential was applied (124 versus 50) versus solely
AHA (see Table 2).

TABLE 2. COMPOSITIONS OF URANIUM AND PLUTIONIUM, IN ELECTROCHEMICAL REDOX SYSTEM.

Aqueous Distribution
Condition Element Organic Phase Phase Ratio, D Mass Balance
No Voltage Pu 10% 89% 0.1 99%
Reduction @ -1V Pu 4% 95.5% 0.042 99.5%
Reduction @ -1V U 83.5% 16% 5.2 99.5%
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To supplement the microfluidics tests, small-scale single-stage tests were run using a 1.25-cm long-
residence time annular centrifugal contactor that was originally developed for americium-lanthanide
separations (Figure 11) to better characterize the behavior of neptunium under the flowsheet conditions.
The longer residence time was intended to overcome some of the limitations observed previously with the
2-cm standard design where changes in neptunium oxidation state were difficult to regulate. Under the
conditions typical of co-decontamination processes, and absent oxidation or reduction, neptunium is
present in nitric acid solution in multiple oxidation states and predominantly as inextractable Np(V). The
reference flowsheet was based on maintaining conditions in the feed and the extraction section to promote
conversion to extractable Np(VI). However, in process, the presence of nitrous acid induces the reduction of
Np(VI) back to Np(V). In the experiment that was run, the effluents start with a relatively low D-value of
0.06, consistent with predominantly Np(V). Upon addition of oxidant, the D-value rises to 13.1 and then
declines to D=7 with nitrite reduction. The vanadium added to the feed is sufficient to oxidize essentially all
of the neptunium to Np(VI), as evidenced by the increase in D-value.

Figure 11. Photograph of a 1.25-cm, three-dimensional printed long-residence contactor used in testing.

Because of the convoluted neptunium extraction results attributed to a combination of redox chemistry,
hydrodynamics, and interfacial phenomena, the focus in FY 2016 was on characterizing the behavior of a
system under which the chemistry can be better controlled, specifically U(VI) in nitric acid in contact with
TBP. The very fast kinetics of uranium extraction by TBP proved problematic for the microfluidics approach
used previously, so an alternative electrode-based microfluidics system was used to examine redox
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chemistry. The reduction of Pu(IV) to Pu(Ill) by U(IV) was easily measured, and the concentration of
uranium in the solution was obtained by simply measuring the resulting current. Small-scale single-stage
contactor tests were run to characterize the behavior of neptunium under the flowsheet conditions. The
tests were run using a 1.25-cm long-residence time contactor neptunium behavior based on measured D-
values consistent with the desired outcomes. The small-sized contactor did not appear to impact extraction
and makes it much easier to carry out tests due to the reduced feed and waste requirements.

LABORATORY-SCALE TESTING OF CANDIDATE PROCESSES
J.D. Law (INL)

Laboratory-scale testing research at INL is focused on evaluating the behavior of TcO4’, in the presence of
other metals inherent to dissolved used fuel in the co-decontamination process for the separation of
uranium and uranium/plutonium, as well as potentially neptunium and technetium. The extraction behavior
of TcO4 in the co-decontamination process was assessed in the presence of metals that can strongly affect
the TcO4 extraction. The presence of zirconium, ruthenium, and fluorine, as well as uranium, may affect the
extraction product path for TcO4-. The concentration dependence of these metals and uranium has a direct
impact as to whether the TcOs follows the majority of the fission products or follows the uranium product
stream. To this end, a series of solvent extraction batch contact flowsheet tests were designed to
experimentally evaluate the behavior of the TcO4+ within the co-decontamination process. Results from the
previous year’s experimental testing revealed that zirconium and technetium distributions differed from the
projected AMUSE model results in the presence of a simulant containing many of the fission product metals.
This year’s research focused on controlling the concentrations of the key metals known to impact Tc
extraction. Experiments were designed to pair technetium with individual metals, small groups of key
fission products, and increased concentrations of key metals, such as zirconium, in order to evaluate the
technetium distributions coefficients.

Experimental distribution coefficient data and computational values matched in many of the experiments
performed, and it can be concluded that the AMUSE code predictions are within a reasonable margin of
error calculated at #3-20% for technetium under most conditions, with the remaining fission product
metals showing slightly lower than predicted extraction levels. Under specific conditions of the currently
developed co-decontamination process flowsheet, AMUSE predicts technetium distribution coefficients
considerably higher than experimental results indicate. An example of this is shown in Table 3 in which the
distribution coefficients were measured for technetium at nitric acid concentration and zirconium
concentration expected in the extraction section of the co-decontamination process. As can be seen from
these results, the experimental technetium distribution coefficients were considerably lower than predicted
by the AMUSE code. However, the experimental results still indicate the technetium will partition away from
the raffinate as desired with this flowsheet. With future AMUSE modeling efforts for the co-decontamination
flowsheet, one should be aware that AMUSE may overestimate the distribution ratios for technetium, and
sensitivity studies should be performed to verify the overall behavior of technetium meets the desired
results if the distributions were lower.
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TABLE 3. ZIRCONIUM DEPENDENCE FOR TECHNETIUM SEPARATION. THE ORGANIC PHASE WAS PRE-
EQUILIBRATED WITH 4.15 M HNO3 ALONE AND WITH PRE-EQUILIBRATION USING 4.15 M HNOs

CONTAINING 0.045 M ZIRCONIUM. THE O/A RATIO WAS VARIED BETWEEN 1.0 AND 1.9.

Sample Parameters AMUSE Model
Acid pre-equilibration in the presence of Zr 1.9 5.87 13.80
Acid pre-equilibration only 1.9 5.00 6.23
Acid pre-equilibration in the presence of Zr 1.0 5.80 14.10
Acid pre-equilibration only 1.0 5.41 8.57

LABORATORY-SCALE TESTING OF CANDIDATE PROCESSES
G. J. Lumetta, A. J. Casella, G. B. Hall, and T. G. Levitskaia (PNNL)

Separating the lanthanide fission product elements from the minor actinide elements (americium and
curium) at an industrial scale is one of the most daunting challenges to fully closing the nuclear fuel cycle
(Hudson et al. 2013, Todd 2010). Because of the relatively large neutron cross sections of the light
lanthanide elements, achieving this separation is necessary if the minor actinide elements are to be
converted to short-lived or stable isotopes in fast reactors. Nearly all methods under investigation for
separating the minor actinides from the lanthanides exploit the apparent slightly softer character of the
trivalent actinide ions compared to the trivalent lanthanide ions. Thus, ligands containing nitrogen or sulfur
donors have received considerable attention as agents to effect this separation (Hudson et al. 2013, Ekberg
etal. 2008, Wang et al. 2001, Law et al. 2006). The ligands can be deployed in either the organic phase (as
extractant) or in the aqueous phase (as an actinide-holdback reagent) in liquid-liquid extraction systems.

The Full Recycle Case Study that was performed in FY 2013 and then updated in FY 2014 and FY 2015
identified the TALSPEAK process (Weaver and Kappelman 1968, Nilsson and Nash 2007) as the primary
candidate for separating the lanthanides from the minor actinides. The TALSPEAK process has previously
been demonstrated at laboratory scale to separate the minor actinides from the lanthanides (Regalbuto
2011). However, the case study also identified a variation of the TALSPEAK process for potential near-term
insertion into the fuel recycle flowsheet. In this variant of TALSPEAK, the traditionally used extractant, di-
(2-ethylhexyl)phosphoric acid (HDEHP; Figure 12), is replaced with 2-ethylhexylphosphonic acid mono-2-
ethylhexyl ester (HEH[EHP]; Figure 12) (Braley et al. 2012). This variant of the TALSPEAK process is now
referred to as Advanced TALSPEAK. Experiments conducted at PNNL in FY 2013 to measure the equilibrium
distribution ratios (D = concentration of the element in the organic phase divided by the concentration of
the element in the aqueous phase) of americium and the lanthanide elements showed that Advanced
TALSPEAK should be much more robust than conventional TALSPEAK with respect to variations in the
aqueous phase pH. However, single-stage 2-cm contactor tests indicated the extraction of the lanthanide
elements samarium, europium, and gadolinium was slow in the Advanced TALSPEAK system. The slow
extraction of these elements led to ineffective separation from the trivalent actinide elements (Lumetta et al.
2015). For this reason, work in FY 2015 focused on exploring modifications to the Advanced TALSPEAK
chemistry to increase the extraction rates for samarium, europium, and gadolinium. Work performed in

FY 2016 built on the results of the batch extraction experiments performed in FY 2015, leading to single-
stage flow-experiments and culminating in a successful Advanced TALSPEAK flowsheet experiment.
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Figure 12. Chemical structures of the TALSPEAK (HDEHP) and Advanced TALSPEAK (HEH[EHP]) extractants.

Process Concept

The Advanced TALSPEAK system operates by extracting the lanthanide ions into an aliphatic hydrocarbon
phase containing HEH[EHP]. N-(2-hydroxyethyl)ethylenediamine-N,N’,N’-triacetic acid (HEDTA; Figure 13)
is added to the aqueous phase to suppress the extraction of americium and curium relative to the
lanthanides. The soft amine donor groups in HEDTA preferentially bind the softer actinide ions, keeping
them in the aqueous phase. Citric acid is also added to the aqueous phase to control the solution pH

(Figure 13).
COOH
HOOC
HO T\l COOH " CooH
\/\N /\/ \/
COOH
HEDTA o
COOH Citric Acid
Figure 13. Chemical structures of the aqueous-phase complexant
and buffers used in the Advanced TALSPEAK system.
Objective

The objective of this work is to develop and demonstrate, at the bench scale, an Advanced TALSPEAK
flowsheet for separating americium and curium from the lanthanide elements.

Accomplishments

Two single-stage Advanced TALSPEAK experiments were conducted in FY 2016 to determine the stage
efficiencies achieved in centrifugal contactors. In both of these experiments, aqueous solutions consisting of
0.125 mol/L HEDTA in a citrate buffer (pH 2.5 to 2.6) were used. The trivalent lanthanide elements added to
the solution were lanthanum, cerium, praseodymium, neodymium, samarium, europium, and gadolinium.
The solutions were also spiked with americium (241Am). The organic phase consisted of 1.0 mol/L
HEH[EHP] dissolved in n-dodecane. The first experiment was performed at PNNL using a 2-cm centrifugal
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contactor (Figure 14a). The extraction efficiency (defined as the distribution ratio measured in the contactor
divided by the equilibrium distribu-tion ratio obtained in batch contacts) in the 2-cm contactor was ~75%
for most of the lanthanide elements examined. Europium and Gd displayed lower extraction efficiency,
consistent with the previous reports of slow extraction rates for these elements (Lumetta et al. 2015). The
americium distribution ratio measured in the 2-cm contactor was within 7% of the batch equilibrium value.
Based on these results, an Advanced TALSPEAK flowsheet was designed, which was tested by Drs. Giuseppe
Modolo and Andreas Wilden at FZ-] in Germany (see below).

The second single-stage Advanced TALSPEAK experiment was conducted at FZ-] using 1-cm centrifugal
contactors (Figure 14b). Two different flow regimes were examined: a low flow of 10 mL/hour organic and
20 mL/hour of aqueous, and a high flow of 20 mL/hour organic and 40 mL/hour of aqueous. A substantial
drop in performance for the 1-cm contactor occurred when the flow rates were doubled. The extraction
efficiencies for samarium, europium, and gadolinium were particularly low at the higher flow rates. For this
reason, the lower flowrate was chosen for the full countercurrent flowsheet test at FZ-]J. Under the
conditions of lower flow rate, the stage efficiencies for lanthanum, cerium, praseodymium, and neodymium
were all higher in the 1-cm contactor than previously measured in the 2-cm contactor, and the stage
efficiencies for samarium, europium, and gadolinium were comparable between the 1- and 2-cm contactors.

The Advanced TALSPEAK flowsheet was tested using the surrogate feed solution described above at FZ-]. In
addition to ##1Am, the feed solution was also spiked with curium (244Cm) for the flowsheet experiment. The
flowsheet test was very successful. Excellent separation of the lanthanide elements from americium and
curium was achieved (Table 4). With the exception of Eu, the decontamination factors were on the order of
10% or greater. The concentration of europium in the raffinate was below the detection limit of the
inductively coupled plasma mass spectrometry (ICP-MS) measurement. The values given in Table 4 are
based on gamma spectroscopic analysis of a 152Eu spike.

TABLE 4. DECONTAMINATION FACTORS ACHIEVED FOR THE SEPARATION OF THE LANTHANIDE
ELEMENTS FROM THE MINOR ACTINIDE ELEMENTS (AMERICIUM AND CURIUM) DURING THE
ADVANCED TALSPEAK FLOWSHEET TEST AT FZ-J.

DECONTAMINATION FACTOR”

LANTHANIDE LANTHANIDE/AMERICIUM ‘ LANTHANIDE/CURIUM

La 1.8 x 10* 1.9 x 10*

Ce 7.0 x 10* 7.3x10*

Pr 1.0 x 10° 1.1 x10°

Nd 1.3 x10% 1.3 x10%

Sm 4.2 x 10* 4.4 x 10*

Eu 3.6 x 10? 3.8 x 10?

Gd 4.8 x 10* 5.0 x 10*
*Decontamination factor for removal of the lanthanide element from the minor actinide product. Defined as (Ln/An)feed
divided by (Ln/An);affinate (AN = Am or Cm).
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Figure 14. Centrifugal contactors used in the advanced TALSPEAK testing: (a) 2-cm centrifugal contactors at
PNNL and (b) 1-cm centrifugal contactors used at FZ-]J.

Conclusions

An advanced TALSPEAK concept has been developed for separating americium and curium from the
lanthanide fission products. Efficiently achieving this separation at an industrial scale will provide options
to optimize geological disposal of the radioactive by-products from nuclear power production. The work
conducted over the past several years in developing the advanced TALSPEAK concept has culminated in a
successful countercurrent flow test of the concept. High efficiency was obtained in separating the trivalent
actinides and lanthanides. Further development of this concept should include testing with actual irradiated
fuel and developing protocols for solvent cleanup and recycle within the process.
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TRITIUM CAPTURE STUDIES FOR ZIRCONIUM RECYCLE SYSTEM
B. B. Spencer (ORNL) and S. H. Bruffey (ORNL)

The zirconium recycle process releases radioactive tritium held in the metal matrix of used nuclear fuel.
This tritium capture study was conducted to develop methods to capture the tritium to prevent its release to
the environment. FY 2016 accomplishments were (1) completion of a literature review to discover the
expected chemical compound containing the tritium; (2) narrowing of the identified chemical processes to
those having the best chance of success; (3) designing, building, and testing prototype processes in the
laboratory; and (4) recommending a process to support implementation of the experimental zirconium
recycle system in a hot-cell environment.

Recovery of zirconium using a chlorination process is currently under development at ORNL. The approach
is to treat the Zircaloy® cladding with chlorine gas to convert the zirconium in the alloy (~98 wt% of the
alloy mass) to zirconium tetrachloride. The ZrCls is volatile and readily separates from the nonvolatile alloy
components and recoil embedded fuel fragments. Tritium trapped in the cladding matrix, presumably as
zirconium hydride, is released as volatile 3HCl. Based on predicted operating conditions, including chlorine
feed rate, carrier gas flow rate (e.g., argon), estimated quantities of hydrides in the irradiated cladding, and
total condensation of the volatile metal chloride products during zirconium recovery, an approximate off-gas
composition was estimated as shown in Table 5. As shown, a tritium recovery process needs to recover
tritium in the chemical form of 3HCI at very low concentrations in the off-gas.
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TABLE 5. ESTIMATED COMPOSITION OF OFF-GAS STREAM FROM CLADDING CHLORINATION
PROCESS.

Component Concentration (v/v)

Ar 0.925

Cl 0.0476
HCl 1.19E-06
2HCl 5.83E-10
3HC 2.66E-06

TOTAL 1.000
AlHC| 3.85E-06

Accomplishments

Two methods to remove the tritium were identified for testing, a chemical conversion with trapping and
aqueous scrubbing (Spencer et al. 2016a). Proof-of-principle experiments were designed to demonstrate
HCl recovery with both potential processes using a nonradioactive simulant off-gas stream containing
deuterium chloride (DCI). The chemical conversion process was designed such that the simulated off-gas
stream would pass through two heated solid beds, with the first bed containing finely divided copper shot,
or steel wool, to convert DCl to D2 and the second bed containing CuO pellets to convert D2 to D20. Recovery
of D20 was then accomplished by condensation. The liquid scrubbing process was designed to absorb the
DCl from the gas stream using NaOH solution, which could be analyzed to determine the amount of
deuterium that had transferred into the solution. Because of its lower solubility, most of the Cl2 passes
through the scrubber along with the inert carrier gas (argon).

Both methods were shown to recover deuterium from the simulant gas stream (Spencer et al. 2016b,
2016c). However, the recovery was not quantitative (~35% for both methods), indicating incomplete
conversion, condensation, and/or scrubbing, or alternatively, losses of DCI to system components.

The liquid scrubbing system was selected for implementation in the planned hot-cell demonstration testing
of the zirconium recycle process due to its simple design and lesser dependence on hot-cell utilities. The
parts for the hot-cell scrubber were purchased from commercial sources, with materials of construction
including glass and polymeric materials. An additional experimental test with DCl-containing simulant is
planned prior to the hot-cell demonstration in an effort to quantify the recovery of DCl by a NaOH liquid
scrubbing system.
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Sigma Team - Advanced Actinide Recycle

The efficient separations technology ALSEP for minor-actinide separation has matured to demonstration-
readiness; game-changing actinide separations concepts are emerging; and fundamental understanding
provides key directions for improving americium separations. In FY 2016, the Sigma Team for Advanced
Actinide Recycle (STAAR) has made important strides toward the overarching goal to develop more efficient
separation methods for actinides in support of the DOE objective of sustainable fuel cycles. Research in
STAAR has been emphasizing the separation of americium and other minor actinides (MAs) to enable closed
nuclear fuel recycle options mainly within the paradigm of aqueous reprocessing of used oxide nuclear fuel
dissolved in nitric acid. STARR’s major scientific challenge involves achieving selective and efficient
separation of trivalent actinides from lanthanides. Highlights of accomplishments in FY 2016 are as follows:

e A flowsheet has been designed for an upcoming demonstration of the ALSEP process for separating
americium and curium from lanthanides and other fission products in a co-decontamination raffinate.

¢ Improved centrifugal contactor designs facilitated by three-dimensional (3-D) printing have led to faster
ALSEP stripping, resulting in a 56% higher promethium/americium separation factor approaching
equilibrium performance.

e Experiments have proven that the structure of the aqueous complexant used in ALSEP stripping can
have a marked beneficial effect on kinetics, pointing to chemical alternatives for faster stripping.

e The first-ever oxidation of Am(III) to Am(VI) at an electrode in nitric acid was reported in the
prestigious journal Science. Yields of up to 90% Am(VI) were achieved.

e The first-ever group co-crystallization of hexavalent actinides with UO2(NOs3)2-6H20 has been achieved,
suggesting an alternative one-step separation method for homogeneous actinide recycle.

e Asuccessful hot test of tandem Am(III) oxidation and extraction demonstrated the generation and
immediate extraction of Am(VI) together with its recovery by reductive stripping.

e Powerful new mixed N,0-donor extractants have been synthesized for the extraction of Am(III) from
lanthanides.

¢ Theoretical calculations have provided new understanding of actinide binding.

ELECTROCHEMICAL OXIDATION OF AMERICIUM

C. Dares, A. M. Lapides, T. ]. Meyer (University of North Carolina at Chapel Hill [UNC-CH]), and B. ]. Mincher
(INL)

The first-ever oxidation of Am(III) at an electrode in a noncomplexing acidic aqueous medium was reported
in the prestigious journal Science (Dares 2015). This result provides a proof of principle for the first step of a
desired process to separate americium from trivalent actinides and lanthanides by oxidation to Am(VI)
followed by a suitable separation specific for hexavalent actinides. Given the difficulty in generating and
stabilizing the highly oxidizing Am(VI) species in nitric acid, a variety of oxidation approaches are under
investigation, including electrochemical techniques. Electrochemical methods would have the particular
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advantage of avoiding the addition of chemical oxidants and corresponding increase in high-level waste

(HLW) mass.
The experiments utilized a commercial glass electrode coated in such a way as = N
to bind Am(III) and facilitate its oxidation to Am(VI). The use of a phosphonic | N | |
acid derivatized terpyridine ligand (Figure 15) proved to be effective in the | =
electrolysis of Am(III), while underivatized control electrodes gave no =
oxidation of Am(III). A custom cell was designed to allow for the concurrent
production and spectroscopic monitoring of electrochemically generated =
Am(VI) in that the light passes through the electrode itself. Using this . |
configuration, up to 90% of a 1.5 mM solution of americium was successfully o
oxidized to Am(VI) with approximately 6% Am(V) and only 4% Am(III) (Figure HQ/F( oH
16).
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The electrochemical approach to Am(III) oxidation has been taken up in a new
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Figure 16. Electrochemical oxidation of Am(III) to Am(VI) with simultaneous spectroscopic monitoring
occurring in the same compartment.

Conditions: 1.5 mM Am, 0.1 M HNOs3, 1.0 M NaNO3, 2.5 V versus saturated calomel electrode.
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CONTACTOR DEMONSTRATION OF AM(VI) EXTRACTION AND STRIPPING
B. ]. Mincher, T. Grimes, R. Tillotson, and J. D. Law (INL)

A hot test of tandem Am(III) oxidation to Am(VI) followed by solvent extraction was conducted,
demonstrating that an immediate extraction of Am(VI) generated by an initial oxidation step can be
accomplished together with a subsequent recovery of the extracted americium by reductive stripping.
Following a previous test using the extractant diamylamyl phosphonate (DAAP) in a centrifugal contactor
(Mincher 2016), the FY 2016 test pushed the envelope further by employing 3-D printed 2-cm contactors
(Figure 17), adding an extra extraction and an extra strip stage, testing the alternative extractant N,N-di-2-
ethylhexylbutyramide (DEHBA)/dodecane, and applying more aggressive stripping conditions. Sampling of
the aqueous and organic effluents and the strip product stream of the test bed was performed at 2-minute
intervals during the run, analyzing for americium and cerium by gamma spectrometry. At steady state,
which was achieved within 3 minutes, 64% of the americium was extracted along with 98% of the cerium.
Both metals were stripped quantitatively by the two stages of stripping with 0.1 M H20z2. The test enables
the following conclusions: Am(1II) can be oxidized by sodium bismuthate in a complex simulant, though
some metals such as ruthenium may prove to be problematic. The oxidized feed solution can be filtered
directly into centrifugal contactors. Extraction of Am(VI) may be successfully achieved using DEHBA as the
extractant in dodecane, approximately as predicted by batch results. The co-oxidation Ce(III) and co-
extraction of the product Ce(IV) occurs without apparent interference. The co-extracted Am(VI) and Ce(IV)
are stripped efficiently together by 0.1 M H20x.

Figure 17. Contactor test bed for Am(VI) solvent extraction hot test featuring two countercurrent extraction
and two countercurrent strip stages. The 2-cm contactors were 3-D printed, a new approach facilitating
contactor testing.
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GROUP CO-CRYSTALLIZATION OF HEXAVALENT ACTINIDE NITRATES
J. D. Burns and B. A. Moyer (ORNL)

The first-ever group co-crystallization of hexavalent actinides with UO2(NO3)2-6H20 has been reported in
Inorganic Chemistry (Burns 2016). Hexavalent neptunium, plutonium, and americium individually, and as a
group, have all been co-crystallized with UO2(NO3)2-6H20, constituting the first demonstration of an An(VI)
group co-crystallization. For homogeneous nuclear-fuel-recycle options, such a group separation makes
possible a single uranium-TRU separation step using a single methodology, avoiding any use of solvents and
potentially simplifying the very complex and costly combination of technologies otherwise needed to
accomplish full actinide recycle. The crystallization principle follows in part from the development of the
New Extraction System for TRU Recovery (NEXT) by JAEA in which the bulk of the uranium is removed from
dissolver solution by crystallization prior to solvent extraction with tri-n-butylphosphate. The STAAR
research shows that all of the hexavalent TRU actinides can be recovered as a group by co-crystallization
with the uranyl nitrate.

Following the protocol shown in Figure 18, hexavalent dioxo cations of neptunium, plutonium, and
americium were co-crystallized with UO2(NO3)2-6H20 in near proportion by a simple reduction in
temperature, while the lower valence states, An(IIl) and An(IV), were only slightly removed from solution,
likely by simple entrainment. The separation was performed by cooling a solution initially containing 1.2 M
[U(VD)], 0.74 mM [Np(VD)], 0.84 mM [Pu(VI)], and 0.99 mM [Am(VI)] at an acidity of 6.1 N to 2°C. Prior to
preparing this mixture, sodium bismuthate had been used as the oxidant to bring the neptunium, plutonium,
and americium to their hexavalent forms. After crystallization, centrifugation, and decantation, 65 * 7%,

62 + 6%, 63 £ 6%, and 62 + 6% of U(VI), Np(VI), Pu(VI), and Am(VI) were found by ultraviolet-visible
spectrophotometry to be removed from solution, respectively. In similar experiments, it was shown that
Pu(IV) and Am(III) do not co-crystallize, indicating the specificity for hexavalent dioxo cations. On
dissolution of the crystals in nitric acid in separate experiments, the Am(VI) was recovered nearly
quantitatively. The highly oxidizing Am(VI) species is stable in the uranyl nitrate hexahydrate crystals for at
least 2 weeks and persists in the uranyl hexahydrate solution matrix for days, easily long enough to permit
multiple crystallizations. The selectivity of the co-crystallization concept was demonstrated in the presence
of micro-curie levels of selected fission products, including potential troublemakers 95Zr, 9°Nb, 137Cs, and
144Ce. While all of the hexavalent species were again removed from solution in near proportion, the fission
products exhibited varying tendency to precipitate. Most notably, 72 + 7% of the %Nb (t1,2 = 35 d)
crystallized from solution, presumably in the form of polymeric oxo Nb(V) species. Cerium is certainly
present as Ce** and therefore could form the known double nitrate salt with Cs*, Cs2Ce(NO3)s, and a similar
mechanism for Zr** may be occurring. Dealing with fission product interferences will be a primary focus of
work in FY 2017.
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Figure 18. Experimental protocol used in the co-crystallization of hexavalent actinides separately or together,
with and without fission products. Sodium bismuthate is used as the oxidant.

STABILITY OF AMERICIUM(VI)

C. Dares, A. M. Lapides, and T. J. Meyer (UNC-CH)

B. ]. Mincher, T. Grimes, R. Tillotson, and J. D. Law (INL)
J. D. Burns and B. A. Moyer (ORNL)

G. S. Goff (Los Alamos National Laboratory [LANL])

Progress has been made in characterizing and understanding the stability of the higher oxidation states of
americium in nitric acid solution. The stability of the highly oxidizing hexavalent state of americium in
particular has become a key concern affecting the viability of separation approaches targeting the AmO22*
ion. The potentials needed to produce Am(VI) in solution are well in excess of that of water oxidation, and
thus Am(VI)is inherently thermodynamically unstable. Coupon experiments have shown that many
materials of equipment construction reduce Am(VI), and species such as HNOz and H202 expected to exist in
strong nitric acid subjected to radiation (self-generated by americium as well as other radioactive species in
solution) rapidly reduce Am(VI). In addition, chemicals and solvents introduced in carrying out separations
of Am(VI) bring about its reduction. We are learning that Am(VI) stability to various conditions depends
markedly on the method of oxidation. We are also learning that the reduction of Am(VI) is complicated, and
a mechanistic understanding will require dedicated future effort. The ability of sodium bismuthate to act as
its own holding oxidant confers unique benefits among the oxidants so far tested in stabilizing Am(VI).
While the Bi(V) persists in solutions of Am(VI), co-crystallization with uranyl nitrate or even brief contact
with certain extraction solvents can be carried out. The most successful extractant tested is DAAP, but
DEHBA also appears promising. Crystallization with uranyl nitrate avoids use of organic compounds
altogether. The following are some of the results from FY 2016 efforts on oxidation methods and stability of
Am(V) and Am(VI):

e Subsequent to electrolysis of Am(III) to generate Am(VI) in 0.1 M HNO3/0.9 M NaNOs3, autoreduction of
the Am(VI) to Am(III) and Am(V) begins immediately, and though the behavior is not yet understood,
the observed rate of disappearance of Am(VI) appears to be slow enough to allow separations
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(Figure 19). However, in contact with a solvent consisting of 1 M DAAP in dodecane, the Am(VI) is
reduced in seconds.

e Inacidic uranyl nitrate solutions (1-2 M U(VI), 5.7-6.7 M HNO3), Am(VI) prepared by sodium
bismuthate oxidation appears to be reasonably stable over the timescale of crystallization experiments.
A delay of 66 hours in the onset of autoreduction apparently corresponds to the depletion of residual
Bi(V) in the system. In the co-crystallized form, Am(VI) hosted presumably as the americyl dioxo cation
AmO22* in the uranyl nitrate hexahydrate crystals was found to be stable for at least 13 days.

e 60Co radiolysis studies show that Am(VI) undergoes radiolytic reduction in nitric acid solution,
providing our first understanding of the magnitude and mechanism of radiolytic processes affecting
Am(VI) stability in simple solution. Experiments confirmed the radiolytic reduction of Am(VI),
accompanied by a matching increase in Am(V) with only minor production of Am(III) prior to Am(VI)
depletion. The apparent reduction is attributed to the products of aqueous HNOs3 radiolysis, though the
mechanism is as yet unclear. It may be seen that Am(V) is the major product until Am(VI) is depleted,
when Am(III) begins to grow in more rapidly.

e Promising alternative oxidation methods for conversion of Am(III) to Am(VI) were identified. Ozone
catalyzed by the Co(II)/Co(III) and Ag(I)/Ag(Il) couples proved to be functional, and a particularly
interesting electrochemical oxidation of Am(III) to Am(VI) in nitric acid was observed using an ordinary
commercial electrode.
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Figure 19. Reduction Kinetics for electrochemically generated Am(VI) and concurrent appearance of Am(V) and
Am(III). Left: concentration profiles. Right: the modeled reduction path.

ALSEP PROCESS DEVELOPMENT FOR ACTINIDE/LANTHANIDE SEPARATION

G. J. Lumetta, E. L. Campbell, A. ]. Casella, G. B. Hall, V. E. Holfeltz, and T. G. Levitskaia (PNNL)
M. A. Brown and A. V. Gelis (ANL)

The ALSEP process concept (Lumetta et al. 2015) has been maturing within the STAAR program toward a
bench-scale test in engineering equipment scheduled for FY 2017. ALSEP combines an acidic extractant with
a neutral chelating extractant (Figure 20) to yield a single hybrid process for recovering the trivalent MA
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elements americium and curium from acidic HLW raffinate generated by an initial co-decontamination step
that removes the bulk of the uranium, plutonium, and neptunium. Interest in developing the ALSEP process
stems from its potential to replace two separate processes previously required to achieve the MA separation,
thus significantly simplifying a closed fuel cycle. The ALSEP concept involves (1) co-extracting the trivalent
actinides and lanthanides, (2) selectively stripping the actinides from the loaded organic solvent, and

(3) stripping the lanthanides and other fission products from the solvent. By design, the neutral extractant
serves to co-extract the trivalent actinides and lanthanides from nitric acid solutions, while the acidic
extractant serves to hold the trivalent lanthanides in the organic phase while americium and curium are
selectively stripped into a carboxylate-buffered solution containing a polyaminocarboxylate complexant.
Research results in ALSEP development have demonstrated the relative effectiveness of combinations of
various candidate extractants, complexants, and buffers (Figure 20). Optimizing flowsheet design involving
extraction, scrubbing, and stripping stages and controlling the behavior of the actinides, lanthanides, and
fission products have been the object of efforts during the past 2 years, and single-stage tests in centrifugal
contactors are in progress. In particular, improving the kinetics of stripping in the ALSEP process has risen
to be the major focus with the goal to maximize the performance of ALSEP in upcoming demonstrations
through chemical approaches and new contactor design. While the process in its current state with standard
contactors is capable of carrying out the separation of the MAs from lanthanides, a major improvement
could be achieved if stripping efficiency could be brought closer to that expected at equilibrium.
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Figure 20. Extractants and aqueous components used in the development of the ALSEP process. Neutral
extractant carbamoylmethylphosphine oxide (CMPO) and cation-exchange extractant HDEHP together with
aqueous complexant diethylenetriaminepentaascetic acid and lactic acid buffer were used in the initial
TRUSPEAK concept. This formulation has given way to the more effective combination of T2ZEHDGA and
HEH[EHP] with HEDTA complexant and citric acid buffer used in ALSEP. Research in FY 2017 may yet allow the
identification of even more powerful ALSEP components.
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IMPROVING THE STRIPPING EFFICIENCY OF ALSEP IN CENTRIFUGAL CONTACTORS
A. V. Gelis and M. A. Brown (ANL)

A successful approach to improving ALSEP stripping efficiency has been to modify the design of the
centrifugal contactors used in stripping to increase the residence time in the mixing zone (Brown et al.
2016). Two designs of 2-cm contactors were tested in FY 2016, and it may be seen in Figure 21 that the
effective distribution ratio achieved for americium stripping in the second design modification approaches
that of the batch equilibrium value. By comparison, increasing the residence time by slowing down the flow
rate at constant O:A = 3:4 has a much less dramatic effect. In the tests, the solvent was loaded using the
PUREX (Plutonium Uranium Reduction Extraction) raffinate simulant prepared at PNNL. After loading, the
solvent was scrubbed with nitric acid and then 0.75 M acetohydroxamic acid/0.2 M citrate buffer at pH 3 to
remove molybdenum. The maximum promethium/americium separation factor achieved was 18 versus an
equilibrium value of 23 in this system. By comparison, the best promethium/americium separation factor
that was achieved in FY 2016 with the more selective but slower stripping complexant
diethylenetriaminepentaascetic acid (DTPA) in a standard 2-cm ANL contactor was 11.5. Thus, a sizable
increase of 56% in separation factor was enabled with the new contactor design. This result shows that the
flowsheet performance of existing ALSEP process formulation can be greatly enhanced with redesign of the
contacting equipment, thus compensating for the inherently slow stripping kinetics, but a drawback is the
limited availability of the contactors having the new design. Particularly when fabricating industrial-scale

equipment.
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Figure 21. Stripping of Am(III) from loaded ALSEP solvent, 0.05 M T2ZEHDGA/0.75 M HEH[EHP] in dodecane,
using 2-cm centrifugal contactors with standard and modified housings. Stripping conditions: 0.125 M

HEDTA/0.2 M citrate solution at pH 2.8, T = 21°C, 0:A = 3:4.
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A modified contactor with a smaller rotor diameter was also successfully demonstrated for ALSEP stripping.
The 2-cm rotor diameter has been in widespread use in the DOE national laboratories since the 1980s, but
even at this small size, typical solvent volumes required can be on the order of 1 L for multi-stage tests, and
aqueous solution volumes consumed can be an order of magnitude greater. Figure 22 is a photograph of a
new 3-D printed contactor with a rotor diameter of 1.25 cm. This new contactor requires significantly
smaller volumes of the solutions for operation, thus minimizing waste volumes and the radionuclide
inventory needed for a test. Using the unit shown, ALSEP stripping was successfully demonstrated for
americium and the lanthanide promethium, feeding the organic and aqueous solutions to the contactor with
a syringe pump. At an O:A ratio of 1:1, 0.6 mL/minute flow rate, and 20.0 * 0.5°C, the americium distribution
ratio obtained was 0.23 compared with the batch equilibrium value of 0.22. The corresponding separation
factor SFpm/am was 20.3 in the contactor versus 23 on batch equilibration.

Figure 22. Photograph of a 3-D printed contactor with 1.25-cm rotor and extended mixing zone.

IMPROVING THE STRIPPING CHEMISTRY OF ALSEP
P. Zalupski, T. Grimes, C. Heathman (INL), and S. Jansone-Popova (ORNL)

Results obtained in FY 2016 have proven the hypothesis that modifying the structure of the aqueous
complexant used in ALSEP stripping can have a beneficial effect on kinetics. Research efforts in FY 2016
focused on the thermodynamic and kinetic assessment of two classes of aminopolycarboxylate (APC)
reagents, as shown in Figure 23, where the nature of -R substitution has been varied. Multiple new APC
candidates were synthesized at ORNL. For the amide-substituted class, where one acetate pendant arm was
substituted by the N-dialkyl amide group, thermodynamic characterization of two reagents (R = -CH2CH3s, -
CH2CH2CHs) indicated efficient aqueous complexation, but no phase-transfer kinetic benefits were observed.
On the other hand, kinetic enhancement was observed within the amine-substituted APC reagents, where R
= -CH2CH20H, -CH2CH2CH20H, and -CH2CH2CHs, relative to the reference DTPA (R = -CH2COOH, shown in
Figure 23), though complexation was weaker than that of DTPA. The variant with R = -CH2CH20H, referred
to as N-hydroxyethyl-diethylenetriaminetetraacetic acid (HEDTTA), was examined in more detail in direct
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comparison to HEDTA (Figure 24) used in ALSEP. Due to the weaker complexation power of HEDTTA versus
HEDTA, the HEH[EHP] concentration in the ALSEP solvent had to be lowered from 0.75 to 0.5 M to decrease
Dam for better stripping. As shown in Figure 24, Am3* stripping equilibrium is attained approximately twice
as fast for HEDTTA relative to that for HEDTA. Stripping selectivity for HEDTTA was found to be good:
SFam/ce = 35 and SFam/Eu = 85.
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Figure 23. Structures of alternative aminopolycarboxylate reagents proposed to study phase-transfer Kkinetics.
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Figure 24. Americium (left) and europium (right) back-extraction kinetic trends collected for HEDTA and
HEDTTA stripping systems. Organic phase: 0.05 M TEHDGA and 0.50 M HEH[EHP] in n-dodecane. Aqueous
phase: 0.125 M complexant and 0.2 M citrate at pH = 3.0.
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MIXED-DONOR EXTRACTANTS
S. Jansone-Popova, V. Bryantsev, E V. Sloop, Jr, R. Custelcean, and B. A. Moyer (ORNL)

New rigidified mixed N,0-donor extractants have been synthesized and shown to extract Am(III) with
unusual avidity and selectivity versus trivalent lanthanides. Compared to ligands bearing all N-donor atoms,
such as the bis(triazinyl)pyridine (BTP) family of extractants, mixed N,0-donor ligands are expected to offer
stronger actinide binding, better stability to degradation, and less affinity for soft fission products (e.g.,
palladium and ruthenium). The question addressed by the research at this stage concerns the most
promising design for the mixed-donor ligands, anticipating that the rigidity of the coordinating groups in
mixed-donor ligands will lead to markedly enhanced strength in Am(III) extraction. To test this hypothesis,
two novel preorganized bislactam 1,10-phenanthroline ligands B and C were synthesized and tested (Figure
25) for their extraction efficiency and selectivity in Am(III)/Eu(IlI) separation. Here are the conclusions
based on the data obtained so far:

¢ Rigidification of two amide donor groups appended to 1,10-phenanthroline (B and C versus A) leads to
strong Am(1II) extraction at low-to-high nitric acid concentrations.

¢ The selectivity of C for trivalent actinide versus lanthanide is very high, with SFam/eu > 1,000 under some
conditions, which is attributed to the presence of the double bond in the lactam rings and appended
electron-withdrawing phenyl substituents.

¢  Five single-crystal x-ray structures of Pr3+, Nd3+, Eu3+, Gd3*, and Tb3* nitrates with a hexyl-substituted
(versus octyl) analog of B showed formation of 1:1 monometallic complexes in which the metal is 10-
coordinate and the coordination sphere is composed of the tetradentate 1,10-phenanthroline bislactam
ligand and three bidentate nitrate ions.

e Allligands have good solubility in chlorinated solvents, 1-octanol, and nitrobenzene; however, good
solubility in industrially preferred aliphatic diluents, such as Isopar and n-dodecane, has yet to be
achieved.

¢ Both novel preorganized ligands B and C exhibit good stability in chloroform in the presence of 3 M
nitric acid.

Figure 25. Chemical structures of tetraoctyl-1,10-phenanthroline-2,9-dicaboxamide A
and novel preorganized ligands B and C.
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THEORETICAL PREDICTION OF AM(III) AND LN(IIl) BINDING
V. S. Bryantsev and A. A. Ivanov (ORNL)

Computational efforts have provided valuable insight into the effect of ligand structure on the binding
affinity and selectivity of mixed N,0-donor ligands toward Am(IIl) and Ln(III) in terms of the energy cost of
ligand reorganization upon binding (preorganization), internal electron-withdrawing effects in the ligand,
and metal cation size (Ivanov and Bryantsev 2016). To simplify calculations using density functional theory
(DFT), long chains were replaced by methyl groups. The most striking effect seen is due to preorganization,
namely the effect of prepositioning of the binding groups in the rigid ligands 1b and 2b as compared with
the flexible ligand 3b in Figure 26. The oxygen atoms in 3b are rotated in the opposite direction away from
the binding cavity, and the energy cost of rotating them into the binding position is very large

(19.1 kcal/mol). This effect may readily be understood visually from the structures shown in Figure 26. Each
structure shown is an overlay of two separately calculated ligand structures corresponding to its unbound
state and as complexed with Eu(III). It may be seen that the rigid 1b and 2b ligands overlay very precisely.
The free and bound forms have nearly identical structure, so the energy cost to strain the ligands to bind the
metal is very small (4.4 and 4.3 kcal/mol, respectively). However, ligand 3b adopts the rotated structure in
its free state and is predicted to strongly resist reorganizing to its binding geometry. The corresponding
long-chain analog C indeed extracts Am(I1I) and Eu(III) very weakly as compared with B (Figure 25). DFT
calculations also predict the observed stronger binding of 1b versus 1a according to the electron-
withdrawing effect of the phenyl groups in 1a. In addition, the calculations indicate that there should be a
significant size effect in binding trivalent actinides and actinides, which will be more closely examined in the
future both computationally and experimentally.

AE__ =44 AE__ =43 AE___=19.1

reorg reorg reorg

Figure 26. Overlays of calculated ligand geometries in their free (turquoise carbon backbone) and Eu3+-bound
(grey carbon backbone) form and the corresponding reorganization energies, AEreorg (kcal/mol), associated
with metal ion complexation. Vectors (yellow) emanating from the donor atoms illustrate the optimal
placement of the metal ion relative to each donor group. The structures were optimized and energies calculated
using DFT methods at the B3LYP/LC/6-311+G** level. Note that 1a, 2a, and 3a, respectively, correspond to the
long-chain analogs C, B, and A in Figure 25.
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Sigma Team - Off-Gas

The Off-Gas Sigma Team was formed in FY 2010 to bring together multidisciplinary teams from across the
DOE complex and academia that would work collaboratively to solve the technical challenges and to develop
the scientific basis for the capture and immobilization of volatile radionuclides contained in the airborne
effluents from used fuel treatment processes. This work has been performed with an ultimate goal of
ensuring regulatory compliance for gaseous discharges by potential used fuel treatment facilities. The team
is focused on development of effective methods to capture 1291, 14C, 85Kr, and tritium released from fuel
treatment processes, thereby enabling a range of advanced fuel cycle options in the U.S.

The long-term scope of the Off-Gas Sigma Team includes the development, demonstration, and technical
maturation of integrated off-gas treatment and immobilization systems for prototypical dissolver off-gas
(DOG), vessel off-gas (VOG), tritium pretreatment off-gas (TOG), cell off-gas (COG), melter off-gas (MOG),
electrorefiner off-gas, and lanthanide/actinide drawdown off-gas arising from aqueous and electrochemical
fuel treatment processes. Five major thrust areas were included in the activities for FY 2016: (1) iodine
capture, (2) iodine immobilization, (3) tritium separations, (4) krypton separations and storage, and (5)
integrated off-gas treatment system development for aqueous reprocessing. Highlights from these activities
are summarized below and described in detail in the associated technical reports generated for each task at
each contributing laboratory. Participating laboratories in FY 2016 included INL, ORNL, and PNNL.

CHARACTERIZATION OF IODINE REMOVAL FROM VOG STREAMS BY SILVER-BASED SORBENTS
S. H. Bruffey, J. A. Jordan, and R. T. Jubin (ORNL)

Estimations of required plant decontamination factors (DFs) are based on U.S. regulations requiring the
removal of 12°] from the off-gas streams of any used fuel treatment facility and will vary based on fuel
burnup, cooling time, and other factors.! These DFs are likely be >1,000 and could be as high as 8,000.
Multiple off-gas streams within a fuel-processing facility combine prior to environmental release, and each
of these streams contains some amount of iodine. To achieve the DFs that are likely to be required by
regulations, iodine removal from the VOG will be necessary.

VOG streams will contain iodine at low concentrations (~10-8 levels) and in a multitude of chemical forms,
which are likely to include elemental iodine, alkyl iodides of varying carbon chain lengths, and inorganic
iodine species. Silver-based solid sorbents are currently being evaluated by DOE for use in iodine removal
from off-gas streams, and VOG streams present a distinctive technical challenge as the behavior of silver-
based solid sorbents has never been characterized in this concentration regime. lodine removal from VOG
streams was investigated by ORNL in FY 2016 for both candidate silver-sorbents, i.e., reduced silver-
exchanged mordenite (AgZ) and silver-functionalized silica aerogel (AgAerogel). AgAerogel utilized in this
testing was provided by PNNL. Three tests were completed: (1) adsorption of elemental iodine (I2) by
AgAerogel, (2), adsorption of I2 by AgZ, and (3) adsorption of methyl iodide (CHsI) by AgZ.

1 Decontamination factors are defined as the ratio of iodine concentration in the inlet to iodine concentration in the
effluent.
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Each sorbent was exposed to a prototypical VOG stream for 4 months with iodine present at concentrations
of 40 ppb (for CHsl) or 7 ppb (for I2). The test system was designed with three beds in series. The first bed
was very thin and was periodically removed during testing to provide iodine adsorption rate. The second
bed was >10 cm in depth and provided information as to the penetration of iodine into a sorbent deep bed.
A third thin bed was placed after the deep bed in an effort to determine time to breakthrough and system
DF.

An experiment conducted with AgAerogel showed that CHsl penetrated into a AgAerogel sorbent bed to a
depth of 3.9 cm under prototypical VOG conditions. Direct calculation of the DF was not possible, because no
iodine was observed to break through the sorbent beds. The amount of iodine found on the sorbent upon
analysis was not equal to the amount of iodine delivered to the system, and several short-term tests have
been designed to assess the cause of this mass balance discrepancy.

The experiments performed with AgZ demonstrated that under prototypical off-gas conditions, I2
penetrated an AgZ sorbent bed to a depth of 2.2 cm and CHsl penetrated a sorbent bed to 2.4 cm. As sorbent
time online increased, the rate of I adsorption decreased, but this same effect was not observed with CHzl
adsorption by AgZ. A decreased rate of adsorption may indicate the sorbent is aging during exposure to
these gas streams, and while the effects of aging on I2 adsorption by AgZ are well-documented, no studies
have been performed to examine the effects of aging on CHsl adsorption by AgZ. Because this result is an
initial indication that CHsl and [> may behave differently with aged sorbents, additional testing on this topic
is merited. The DFs for the AgZ test systems were not able to be determined, because no measureable iodine
was observed in the bed effluent.

Continued studies on the adsorption of iodine from prototypical VOG streams by silver-based sorbents will
attempt to resolve some of the questions raised here, both regarding mass balance and the effect of aging on
iodine adsorption from a dilute gas stream. Other variables that merit examination are the dependence of
the observed results on the inlet iodine concentration and upon the gas velocity of the test. Finally,
alternative test designs will be considered in an effort to determine the mass transfer zone and system DF
associated with iodine adsorption by silver-based sorbents under prototypical VOG conditions. The
estimation of mass transfer zone is required for any future industrial implementation.

REMOVAL OF METHYL IODIDE FROM NOx-CONTAINING DOG STREAMS
BY AGAEROGEL DEEP BEDS
N. Soelberg (INL)

The intent of FY 2016 deep-bed CHsl adsorption testing was to further research and advance the technical
maturity of silver-based solid sorbents under consideration for use in capturing 12°I present in off-gas
streams. A major thrust was to characterize the effects of NO and NO2 gases (present in the DOG stream) on
AgAerogel material provided by PNNL. Adsorption testing for CHzl with higher levels of NO and NO2
(approximately 3,300 and 10,000 ppm, respectively) in simulated DOG indicate that high-efficiency iodine
capture by AgAerogel is possible under these conditions. In Figure 27, the initially dark-colored AgAero is
shown to change to a light tan color as it adsorbs CHsl. Figure 28 shows that maximum CHsI DFs for the
solid-sorbent based deep bed test system exceeded 3,000 until breakthrough. The gas composition during
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this test was 65 ppm CHsl, 0.59% water (with a dewpoint of ~0°C), 3,300 ppm NO, 9,600 ppm NO2, and
balance air at 150°C.

Figure 27. AgAerogel before and after a 314-hour CHsl adsorption test.
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Figure 28. CH3I DFs in AgAerogel decreased most rapidly for shallower bed depths
ranging from 1.3, 5, 10, and 20 cm (0.5, 2, 4, and 8 in.).
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The CHsl molecules are cleaved in the sorbent bed, even after iodine adsorption was no longer efficient, so
that uncaptured iodine was in the form of iodine species soluble in caustic scrubber solutions and detected
and reported as diatomic I2. The mass transfer zone depths for CHsl adsorption by AgAerogel were
estimated at 8 in., deeper than the 2 to 5-in. range estimated for both AgAerogel and AgZ in prior deep-bed
tests with lower NOx levels. The maximum iodine adsorption capacity and silver utilization for these higher
NOx tests, at about 5 to 15% of the original sorbent mass and about 12 to 35% of the total silver,
respectively, were lower than for trends from prior AgAerogel and AgZ tests with lower NOx levels.
Additional deep-bed testing and analyses are recommended to expand the database for organic iodide
adsorption and increase the technical maturity of iodine adsorption processes.

DIRECT CONSOLIDATION OF IODINE-LOADED AGAEROGEL TO A DENSIFIED WASTE FORM
J. Matyds, E. Ilton, N. Canfield, G. Kroll, and S. E. Sannoh (PNNL)

Silver-functionalized silica aerogel has been shown to have high selectivity and sorption capacity for iodine,
and FY 2016 efforts were focused on scale-up of the conversion processes that are used to manufacture an
iodine-containing SiO2-based waste form.

The scaled-up consolidation of iodine-loaded AgAerogel with hot isostatic pressing (HIP) and spark plasma
sintering (SPS) proved to be successful. HIP processing of a *115-g pellet at 1,200°C with a 30-minute hold
and under 207 MPa pressure produced a puck 4.8 cm in diameter and 2.2 cm thick. The sample contained
~43.8 mass% iodine in the form of uniformly dispersed nano- and micro-particles and micrometer-sized
“veins” of Agl surrounding individual grains. The sample had a bulk density of 2.896 + 0.0124 g/cm3; it
contained a small amount of open porosity (7%), but this porosity is expected to diminish with a better
container design. Even better results were obtained for SPS. SPS processing of x115-g powder at 1,200°C
with a 30-minute hold and under 32 MPa pressure produced a puck 6 cm in diameter and 7 mm thick
(Figure 29). The sample contained 41 mass% iodine, had a bulk density of 2.9370 + 0.0212 g/cm3, and
exhibited a small amount of open porosity, x2.8%. The presence of some porosity was related to problems
with a die during SPS processing that did not allow increasing the pressure above 32 MPa. Based on relative
success of these preliminary first tests, it is highly likely that full density with appropriate microstructure
will be achieved with minor design changes. Additional tests are planned in FY 2017 to investigate impacts
of iodine loading, additives, and temperature/pressure schedule on the microstructure of densified Ag®-
aerogel.

———

1 am

Figure 29. Pucks of iodine-loaded Ag-aerogel produced with HIP (left) and SPS (right).
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MANUFACTURE OF AN IODINE-CONTAINING WASTE FORM BY HOT ISOSTATIC
PRESSING OF AgZ
S. H. Bruffey, R. T. Jubin, and J. A. Jordan (ORNL)

Direct consolidation of iodine-loaded AgZ by HIP was advanced through additional studies at ORNL in FY
2016. Previous studies have shown that engineered forms of iodine-loaded AgZ can be successfully
consolidated by HIP. The major aims of FY 2016 studies were to decrease the capsule failure rate occurring
during HIP and to evaluate whether pure zeolite minerals could be converted to a distinctive mineral phase,
such as iodosodalite. While conversion of zeolites to a particular mineral phase is not required in order to
produce a durable waste form, conversion to a well-studied mineral phase could decrease the amount of
future R&D required to assess waste form stability.

Substantial improvements in capsule manufacture and sealing were achieved in FY 2016. The capsule lid
was redesigned twice, with the final modifications including a recessed trepan lid and a vacuum port in the
center of the lid. These improvements substantially decreased the amount of time and cost required to seal
the capsules. The lid redesign also resulted in an improvement in weld quality and ultimately in the number
of capsules that were able to be successfully compressed. The capsule modifications are shown in Figure 30.
These redesigned capsules increased the success rate of the HIP process from 68 to 94%.

Figure 30. Capsule lid modifications (left to right: original, inset cap, inset vacuum port lid).

Each compressed sample was analyzed to determine its density and then cross-sectioned, with one half
mounted and polished in epoxy to facilitate further examination by XRD and the second half used for
determination of the waste form hardness. Cross sections of selected samples are shown in

Figure 31. It was found that the density of the compressed samples increased from 220 to 490% of the
original material densities. Planned efforts will transition this work from pure minerals to engineered
zeolite minerals that contain clay binders and will assess scale-up of the HIP process.
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Figure 31. Cross section of iodine-occluded sodium mordenite that underwent HIP (left)
and iodine-loaded silver zeolite A (right).

CHARACTERIZATION OF KRYPTON REMOVAL FROM OFF-GAS STREAMS BY AN IMPROVED
METAL ORGANIC FRAMEWORK MATERIAL
P. Thallapally (PNNL)

FY 2016 efforts at PNNL on the removal and separation of krypton and xenon from off-gas streams were
focused on the development of a newly identified calcium based metal organic framework (MOF) (calcium-
based nanoporous MOF, SBMOF-1, also known as CaSDB). PNNL demonstrated experimentally that CaSDB
was found to be the best for xenon/krypton adsorption at room temperature (RT) among 5,000
experimental MOFs screened in silico (Figure 32). Single column breakthrough experiments on CaSDB using
a gas mixture containing 400 ppm xenon and 40 ppm krypton in air at RT suggest a very high xenon
adsorption capacity (14 mmol/kg). This capacity is up to 50% higher than benchmark materials such as
NiMOF-74 (7 mmol/kg) and CC3 (11 mmol/kg) under similar experimental conditions. xenon/krypton
selectivity under breakthrough measurements was found to be 14, which is twice that of NiIMOF-74.
Remarkably, CaSDB retains its xenon uptake capacity even in the presence of 40% relative humidity,
whereas water competes for the same adsorption sites as xenon/krypton in NiMOF-74 and CC3 under
similar conditions.

Figure 32. Pores within the CaSDB MOF (blue).

Two-column breakthrough experiments (Figure 33) and cycle studies were performed at RT using CaSDB.
Passing a mixture of 400 ppm xenon and 40 ppm krypton in dry air through a CaSDB sorbent bed results in
the selective capture of xenon with 15-mmol/kg capacity; the outlet gas mixture from the first sorbent bed,
then containing 40 ppm krypton in air, was passed through a second CaSDB sorbent bed for krypton
removal (0.25 mmol/kg capacity). The capacity of CaSDB for krypton has been observed to be as high as
3.36 mmol/kg at RT when concentrations of krypton in the gas mixture approach 1,000 ppm and no xenon
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is present. Twenty adsorption and desorption cycles were performed at RT using CaSDB without any loss in
xenon or krypton capacities or any other signs of degradation (Figure 34). These results show MOFs
continue to be promising as materials for the removal and separation of xenon and krypton from air at RT.
Based on these initial results, a sufficient quantity of CaSDB MOF (50 g) was fabricated, pelletized, and
sieved to obtain engineered particles of the CaSDB MOF to test at INL. The increased xenon capacity of
CaSDB under simulated conditions with and without water vapor makes this new MOF a leading candidate
for separating the xenon/krypton from off-gas streams generated from used fuel processing.
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Figure 34. Curves for partial pressures of gas mixture components using two bed-adsorption modules at RT.
Adsorbents in Beds 1 and 2 are CaSDB. Gas mixture consisting of xenon (400 ppm) and krypton (40 ppm)
balanced with dry air flowed into Bed 1 at Time “a”; gas (krypton) breakthrough from Bed 1 is indicated as “b”;
gas mixture from Bed 1 (xenon removed) was introduced to Bed 2 at Point “c”; breakthrough of krypton from

Bed 2 at Point “d.”
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DEMONSTRATED SEPARATION OF KRYPTON AND XENON BY A MULTI-COLUMN
AgZ-PAN/HZ-PAN SOLID SORBENT SYSTEM
T G. Garn, M. Greenhalgh, A. K. Welty, and T. L. Watson (INL)

Recent studies conducted at INL have demonstrated the separation of xenon from krypton in a mixed gas
feed stream using mordenite-polyacrylonitrile (PAN) solid sorbents. The results of initial testing of a multi-
column system with AgZ-PAN and HZ-PAN indicated that an excellent separation of xenon from krypton
could be attained with these sorbents. FY 2016 efforts were focused on extending these results by
demonstration of scaled-up sorbent beds, by testing of varied feed gas compositions, and by improved
analysis of the individual capture columns’ compositions.

The original multi-column system was modified by installing two Stirling coolers (SC#1 and SC #2) in series
to accommodate this testing. The use of the coolers instead of the cryostat provided two desired
improvements: (1) the removal of the large dilution due to the internal volume of the cryostat adsorption
chamber and (2) the ability to increase the sorbent bed size for scale-up. Loaded into the first column was
44.8 g of AgZ-PAN sorbent (2.4 times more than previously tested) to capture the xenon while allowing the
krypton to flow through and be routed to a second column containing 29.8 g of HZ-PAN sorbent (6.7 times
more than previously tested) for krypton capture and analysis. Figure 35 is a schematic of the experimental
system.
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Figure 35. Multi-column experimental test bed schematic for separation of krypton/xenon.
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Two separation tests were performed with the AgZ-PAN (xenon column) temperature held at either 295 or
253 K, and the HZ-PAN (krypton column) was held at 191 K. The tests were performed with a feed gas of
400 ppmv xenon, 40 ppmv krypton in air balance with a superficial velocity of 23 cm/minute. The
adsorption phases of the tests were operated for ~300 minutes, and the effluent from the columns was
monitored via gas chromatography-thermal conductivity detector with neither xenon nor krypton being
detected in the column effluent. The gases captured on both columns were sampled with evacuated sample
bombs and subsequently analyzed via gas chromatography-mass spectrometry for both xenon and krypton.
The results of the gas chromatography-mass spectrometry analysis are presented in Table 6.

TABLE 6. XENON/KRYPTON CONCENTRATIONS FROM SAMPLE BOMBS.

Temperature (K) Column Sample Average Xe (ppmv) = Average Kr (ppmv)
295 Xe Column 41.3 81.2
191 Kr Column BDL 367
253 Xe Column 25.6 179
191 Kr Column BDL 586

These results indicate that an excellent separation of xenon from krypton was achieved, because there was
no detectable xenon found in the krypton column samples. The low xenon concentration for the xenon
column samples along with the desorption data revealed that removal of xenon from the AgZ-PAN was
ineffective. The sample bomb gas-collection procedure provided inconsistent results, even though a
combination of high temperature and purge gas flow were utilized during the sampling of the columns.

The results of these tests can be used to develop the scope of future testing and analysis using this test bed
for demonstrating the capture and separation of xenon and krypton using sorbents, for demonstrating
desorption and regeneration of the sorbents, and for determining compositions of the desorbed gases.
Future testing of sorbents should include desorption studies to determine parameters at which the cleanest
separation between krypton and co-adsorbed species occurs, as well as the maximum purity of the final
krypton product stream.

ANALYSIS OF LEGACY KRYPTON WASTE FORM SAMPLES
R. T Jubin and S. H. Bruffey (ORNL)

Legacy samples composed of 85Kr encapsulated in solid zeolite 5A material and five small metal tubes
containing a mixture of the zeolite combined with a glass matrix resulting from hot isostatic pressing have
been preserved. The samples were a result of krypton R&D encapsulation efforts in the late 1970s
performed at the [daho Chemical Processing Plant. These samples were shipped to ORNL in mid-FY 2014
and repackaged into individual glass sample bottles for further analysis. Visual examination and x-ray
imaging conducted in 2015 revealed that two of the five capsules had been breached. Capsule 2 was
observed to have saw marks on the capsule and a quantity of loose pellet or bead-like material remaining in
the capsule. Capsule 5 had been opened at an undetermined time in the past. The end of this capsule
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appears to have been cut off, and there are additional saw marks on the side of the capsule. X-ray images
confirmed the presence of residual material within this capsule. The material appears to be compacted but
still retains some of the bead-like morphology.

Based on these initial images and the fact that there are at least two breached samples, it was proposed that
FY 2016 efforts be directed at analysis of the breached specimens before opening the three intact capsules.
Portions of material removed from Capsules 2 and 5 (Figure 36) were to be analyzed to determine the
fraction of krypton/xenon remaining in the matrix and the amount of rubidium remaining in the matrix. The
presence of rubidium, the sole decay product of 8°Kr, was of especial interest, because its corrosive nature
could have significant impacts on the integrity of container structures for any proposed krypton storage
form. The inner surface of the breached capsules would be examined for corrosion. Due to the high radiation
levels of these samples, all analyses beyond the initial imaging were facilitated by ORNL hot-cell facilities.

Figure 36. 85Kr legacy waste from Capsule 2 (left) and Capsule 5 (right).

The materials contained in Capsules 2 and 5 have been examined by scanning electron microscopy (SEM),
EDS, and XRD. There appears to be a relatively uniform distribution of krypton and rubidium throughout the
pellets examined (Figure 37). The EDS-derived chemical analysis indicates a chemical composition of the
recovered materials consistent with zeolite 5A. The elemental mapping indicates that krypton and xenon are
coincident with the silicon, aluminum, calcium, and sodium, implying that the noble gases have remained
within the collapsed zeolite structure (Figure 37). The material contained within Capsule 5 showed ~1 at. %
lead. The origin of the lead is currently indeterminate. XRD analysis shows a significant shift from the 5A
structure, most likely due to the krypton encapsulation/sintering process that occurred when the samples
were made.
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Figure 37. Elemental maps of an area near the center of a pellet recovered from Capsule 5 (Sample K5).

The walls of each capsule were also examined and showed extensive corrosion throughout (Figure 38).
Elemental mapping of the capsule material appeared consistent with carbon steel, while the weld material
appeared consistent with a stainless steel. The interior surface of the capsule appeared to have a layer of
material containing aluminum, silicon, and calcium similar to the 5A molecular sieve. Analysis for rubidium
within the corrosion sites was inconclusive.
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Figure 38. Optical microscope image at 50x magnification of Section “A” of Capsule 2.

ENGINEERING EVALUATION OF AN INTEGRATED OFF-GAS TREATMENT SYSTEM FOR USED
NUCLEAR FUEL REPROCESSING FACILITIES

R. T Jubin, ]. A. Jordan, and B. B. Spencer (ORNL)

N. R. Soelberg, A. K. Welty, and M. Greenhalgh (INL)
D. M. Strachan (Strata-G, LLC)

P K. Thallapally (PNNL)

The capture and subsequent immobilization of four regulated volatile radionuclides (3H, 14C, 8°Kr, and 12°])
and relevant semivolatile species from the off-gas streams of a UNF reprocessing facility have been topics of
significant research interest on the part of the DOE and other international organizations. Significant R&D
has been conducted over the past decade. This study is an initial engineering evaluation and design of the
off-gas abatement systems required to ensure that air emissions from a reprocessing facility can meet or
exceed emission requirements set forth by the U.S. Environmental Protection Agency and the U.S. Nuclear
Regulatory Commission. This study builds on a series of case studies that addressed various reprocessing
options for the processing of UNFE. This engineering design, while somewhat notional because this effort is
not tied to a specific UNF processing facility, is intended to help all those involved with UNF reprocessing
grasp the complexity and sizes of the required systems. This study covers only engineering options for the
off-gas streams arising from head-end, fuel-dissolution, and process vessels for aqueous reprocessing. It is
not intended to be an exhaustive, detailed design effort but, rather, a first attempt to evaluate (1) the relative
sizes, (2) the material balances, (3) energy requirements, (4) key instrumentation requirements,

(5) support system requirements, (6) extended operating cycles and associated requirements, and (7) the
extent to which key design data are or are not available for the off-gas systems. This initial engineering
evaluation addresses the designs of the head-end off-gas, which typically includes the shear off-gas and the
DOG and VOG systems. Subsequent reports will add similar assessments for the COG, TOG, and MOG
systems.
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The following summarizes the results of this study (not ordered by importance):

1. Common processes used in industry and existing nuclear facilities are perceived as being relatively easy
to implement in a UNF reprocessing facility. These unit operations are those involving condensers, heat
exchangers, scrubbers, valves, particulate filters, etc. These systems are well understood because of
their widespread use in the nuclear industry. However, some uncertainties remain, including the actual
performance of the NOx scrubber and the COz scrubber under the actual operating conditions.

2. There is a surprising lack of clarity in the understanding of the speciation of volatile ruthenium under
various facility conditions. The amount of ruthenium volatilized during fuel processing, either directly
from the dissolved fuel or after the treatment to remove tritium separately, does not appear to be well
understood. Once ruthenium is volatilized, its chemical form under the various conditions that exist in
the facility and the behavior of the species in the off-gas stream are sufficiently ambiguous to result in
large uncertainties in this study with respect to pathway and DFs. Silica gel is suggested as the best
ruthenium sorbent. However, the capacity and the efficiency of this material under facility conditions do
not appear to be well understood or at least not well articulated in the literature. This is important
because of the very high ruthenium removal efficiency (3 x 107) that may be required to meet regulated
releases even for UNF that has been cooled for 5 years.

3. There is alack of pertinent engineering data, such as the length of the mass transfer zone, sorption
kinetics, desorption kinetics, etc., on solid sorbents for the removal of xenon and krypton. This
uncertainty means that the systems designed here require large and multiple columns to achieve the
desired decontamination of the off-gas stream and purity of the krypton gas for storage. These data are
needed to ensure the continued viability of these solid sorbent materials for xenon and krypton
compared to the cryogenic process for the removal of these gases.

4. While the xenon and krypton capacities on the solid sorbent materials studied to date are quite high,
they also have high capacities for air components, such as nitrogen, oxygen, argon, etc. These
components are desorbed when the xenon and krypton are desorbed. In the case of the krypton
desorption, these air components have a significant impact on the quality of the krypton-rich gas such
that it is insufficiently pure to be sent directly to storage. Hence, a krypton-purification unit is installed
to increase the krypton purity to acceptable levels for storage.

5. lodine recovery based on silver-loaded mordenite requires multiple columns of material. This is a result
of the rate at which the sorbent is consumed in removing iodine and bromine released to the off-gas
during UNF dissolution and chlorine contained in the acid used to dissolve the fuel. Limits on the height
of the columns because of practical hot cell dimensions also required the use of multiple columns.
However, the airflow dynamics through the column and engineering norms imposed dimensional
limitations that also resulted in the need for multiple columns.

6. The alternative iodine sorbent, silver-aerogel, is less dense than the mordenite material, but the silver-
aerogel contains four to five times more silver (the active ingredient for removal of iodine). The
combination means that the number of columns could be reduced or the time between column
changeout could be lengthened by roughly a factor of 2.
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7. Important to the sizing and use of the iodine sorbent is the amount of physisorbed (that which is not
chemically bound to the sorbent) iodine. The quantities of physisorbed iodine are uncertain for all the
materials proposed as iodine sorbents.

8. There is also lack of pertinent engineering data, such as the length of the mass transfer zone, sorption
kinetics, and sorption capacity, for the capture of iodine at the much lower concentration found in the
VOG systems.
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Waste Form Development and Performance

The Waste Form Development and Performance activities are performed to meet two primary objectives:

1) Make a U.S. fuel cycle more effective by developing the next generation of waste management
technologies. Fuel cycles in which any UNF treatment are performed will generate wastes from the
separations processes and the fabrication of advanced fuels or targets containing materials to be
transmuted. Three associated objectives are used to guide the selection of waste management
concepts and waste forms and the development of those technologies:

e Technologies to enable the reuse of UNF components that would otherwise require treatment,
storage, transportation, and disposal as waste. Examples of such materials include cladding,
noble metal fission products, uranium, and noble gases.

e Long-lived radionuclide waste forms which have improved durability and provide more reliable
performance in a range of potential disposal environments (compared to HLW glass) to reduce
the reliance on engineered and natural barrier systems to meet regulatory requirements and
thereby open new disposal options and reduce disposal costs.

e  Waste forms and processes that will facilitate lower cost management due to less expensive and
less complex processing, lower storage and disposal costs, and greater flexibility for use in a
wide range of disposal environments and fuel cycles.

The activities associated with this objective provide proof-of-principle and data necessary to

compare advanced waste forms and processes being evaluated with the reference waste forms and

processes described in recent waste form flowsheet studies. Four tasks were performed during

FY2016, with accomplishments described in the following subsections:

e  Ceramic waste form for HLW raffinate and potentially TRU waste
e Glass ceramic for HLW raffinate

e More efficient waste forms and processes for HLW from the electrochemical (echem)
processing of fast reactor fuels
e Zirconium purification.

2) Improve the understanding of degradation behavior of waste forms in various disposal
environments to improve the scientific basis of radionuclide source-term estimates, reduce the
conservatism in waste form performance estimates (and thereby reduce costs of engineering
systems), and guide the development of optimized waste forms. The study of waste form
degradation is initially focused on borosilicate glass, as this is the primary current HLW waste form
in the U.S. and internationally and is the subject of significant international collaboration at present.
The methods and approaches developed to understand glass waste performance will be used to
understand the performance of other promising waste forms in the near future. Two general tasks
are to be performed in support of this objective:
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e  Glass waste form degradation testing and modeling
¢ lodine waste form degradation scoping tests.

The activities associated with this objective advance the development of quantitative models with strong
scientific bases for the degradation and radionuclide releases from glass and iodine-bearing waste forms for
a range of waste form compositions in various disposal environments.

EVALUATION OF CERAMIC WASTE FORMS — COMPARISON OF HOT ISOSTATIC PRESSED AND
MELT PROCESSED FABRICATION METHODS

J. Amoroso (SRNL) and M. Tang (LANL)

SRNL is developing melt-processed reference ceramic waste forms for treatment of waste streams
generated by reprocessing commercial UNF. The waste form is designed to crystallize into an engineered
multiphase ceramic upon cooling from a melt (i.e., melt processing). Compositions are designed based on
combinations of the waste and additives to target various phases. Elements with a +3 or +2 valance form
perovskite ((A*2)TiO3) and pyrochlore ((A*3)2Ti207) type phases (Gunn et al. 2012; Ubic et al. 1999).
Zirconium (+4 valence) partitions to a zirconolite (CaZrTi207) phase (Xu and Wang 2000). Cesium and
rubidium partition to a hollandite structure based on the general formula BaxCsyM:Ti*4s.,016 where z = 2x+y
for trivalent cations and z = x+y/2 for divalent cations for charge compensation (Aubin-Chevaldonnet et al.
2007; Carter et al. 2004; Carter et al. 2003). The targeted phase assemblage utilized at SRNL is based on the
synthetic rock (SYNROC) family of titanate ceramics, the design of which is built on the concept of
simulating naturally occurring minerals that have immobilized radionuclides over geologic timescales
(Donald 2010). While the majority of SYNROC compositions are produced via HIP, earlier work conducted at
SRNL has demonstrated that these materials can be successfully fabricated by melt processing under
appropriate conditions (Amoroso et al. 2014a, 2014b; Amoroso 2015; Brinkman 2013).

FY 2016 efforts were focused on direct comparison of multiphase ceramic waste forms produced via melt
processing and HIP methods. Based on promising waste form compositions previously developed at SRNL
(Amoroso and Marra 2015), simulant material was prepared at SRNL, and a portion was sent to the
Australian Nuclear Science and Technology Organization (ANSTO) for HIP treatments, while the remainder
of the material was melt processed at SRNL. The microstructure, phase formation, elemental speciation, and
leach behavior, and radiation stability of the fabricated ceramics was performed. In addition, melt-processed
ceramics designed with different fractions of hollandite, zirconolite, perovskite, and pyrochlore phases were
investigated for performance and properties. Table 7 lists the samples studied.

Figure 39 and Figure 40 show representative SEM and EDS analysis of the as-fabricated hot isostatic pressed
and melt-processed samples. Significant differences in the grain microstructure, phase assemblage, and
elemental speciation were evident.
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TABLE 7. MULTI-PHASE WASTE FORM BASELINE COMPOSITIONS FABRICATED VIA MELT PROCESSING
AND HIP.

MATERIAL RECOVERY AND WASTE FORM DEVELOPMENT

Hollandite = Zirconolite Pyrochlore = Perovskite Metal Fabrication
Designation (wt. %) (wt. %) (wt. %) (wt. %) (wt. %) Method

HIP-1250? 65.40 14.61 16.84 2.54 0.61 HIP: 1,250°C
HIP-1300? 65.40 14.61 16.84 2.54 0.61 HIP: 1,300°C
CAF-11113° 65.40 14.61 16.84 2.54 0.61 Melt processing
CAF-21113 48.59 21.71 25.02 3.78 0.90 Melt processing
CAF-41113 32.09 28.68 33.05 4.99 1.19 Melt processing
CAF-21223 57.06 25.50 14.69 2.22 0.53 Melt processing
CAF-22123 55.67 12.51 28.83 2.18 0.52 Melt processing
a. Baseline composition.

The melt-processed samples exhibited characteristic large hollandite grains (darker gray areas) surrounded
by zirconolite, pyrochlore, and perovskite phases (lighter gray areas). Very small regions with an almost
black hue were found to consist primarily of TiO2. The barium, titanium, chromium, iron, and aluminum (not
shown) elemental maps clearly indicate the formation of large hollandite grains. However, higher
concentrations of chromium were observed at the interior of many hollandite grains, while aluminum (not
shown) and iron were found in higher concentrations near the grain boundaries. Upon cooling from a melt,
it is possible that chromium-rich regions crystallize into the hollandite phase first due to the higher melting
point of the Cr203 rich phase. Ideally, a significant portion of the cesium remaining in the system will be
immobilized at this point. The remaining liquid in the system is then deficient in chromium and, upon
cooling to a suitably low temperature, the crystallization of hollandite rich in aluminum and iron occurs.

Another notable feature of the melt-processed samples is the close correspondence among calcium,
zirconium, and neodymium in the elemental maps. In the zirconolite structure, Ca2* or Zr** can be
substituted by Nd3+, and extensive neodymium substitution into the zirconolite structure leads to
partitioning into pyrochlore and/or perovskite phases (Amoroso et al. 2014a, 2014b). While more precise
determinations of compound stoichiometries in the calcium-neodymium-zirconium areas of the melt-
processed samples are ongoing, it is likely that nominal compositions of Ca1-xZr1-«Nd2:Ti207 are forming and
partitioning into various perovskite and pyrochlore phases.
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Figure 39. SEM image and corresponding elemental Figure 40. SEM image and corresponding elemental
maps of a sample hot isostatic pressed at 1,300°C. maps of a CAF-11113 sample melt processed at
1,625°C.

The samples that underwent HIP exhibited a more fine-grained microstructure characteristic of a solid-state
densification process and displayed significant microstructural differences compared to the melt-processed
samples. The samples that underwent HIP exhibited raised “islands” rich in cesium (dark in color in the SEM
image) and appeared to be a cesium-titanate phase. This phase is consistent with the results of earlier work,
where it was suggested that partial melting at HIP temperatures of 1,300 to 1,350°C results in cesium
partitioning between the hollandite phase and an intergranular melt phase (Kesson 1983). There was a
correspondence between the iron and molydenum maps at several locations across the sample, suggesting
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the formation of an iron-molydenum compound. Also of significance is the speciation of calcium,
neodymium, and zirconium compared to the melt-processed samples. In the melt-processed specimens,
many regions were found to contain calcium, neodymium, and zirconium in comparable concentrations. In
the samples that underwent HIP, higher concentrations of zirconium were found in localized regions,
suggesting that the regions of high zirconium content could be ZrO: or ZrTiO4 along with a perovskite phase.

Transmission electron microscopy (TEM) with energy-dispersive x-ray spectroscopy (EDX) was used to
further identify crystalline phases and chemical composition in the multiphase ceramic waste form samples.
Based on selected-area electron diffraction (SAED) patterns and EDX spectra, a hollandite phase (barium,
aluminum, chromium, iron, titanium, oxygen), zirconolite/pyrochlore phases (calcium, zirconium,
neodymium, titanium, oxygen), and a perovskite phase (strontium, calcium, titanium, oxygen) were
identified in the melt-processed baseline sample. In the sample that underwent HIP, major crystalline
phases, including hollandite and zirconolite, were found in addition to a phase not observed in the melt-
processed sample and with chemical species including titanim, chromium, iron, moledenum, and oxygen.
Additionally, a perovskite phase was not observed in the sample subjected to HIP. Figure 41 shows a high-
resolution TEM observation of an interface between hollandite and zirconolite phases in the baseline melt-
processed sample.
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Figure 41. High-resolution TEM observation of interface between hollandite and zirconolite phases in CAF-
11113, including corresponding SAED patterns and EDX spectrums.

Monolith leach tests were performed over 28 days to assess the chemical durability of melt-processed
samples and samples subjected to HIP. Shown in Figure 42 is the cesium fractional release for the melt-
processed and HIPed baseline composition as well as several other melt-processed compositions with
varying targeted phase assemblages. It is evident that the cesium retention characteristics of the melt-
processed baseline sample were superior to those of the other compositions. Although the sample that
underwent HIP at 1,250°C exhibited less cesium release compared to the sample that underwent HIP at
1,300°C, both exhibited greater cesium release compared to melt-processed sample of the same
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composition. Although the initial leach data provided are encouraging, it should be noted that the leach test
data for other waste elements, including molybdenum and strontium, are still being analyzed.
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Figure 42. Fractional release of cesium from waste forms subjected to melt processing and HIP.

Samples that were subjected to melt processing and HIP were also irradiated with 400-keV krypton ions at a
fluence of 5x101* ions/cm?, corresponding to a dose level ~1 displacement per atom (dpa). Radiation-
induced microstructural evolution was investigated by cross-sectional TEM observation. The current study
was focused on the hollandite and zirconolite phases. The TEM results, shown in Figure 43, indicate that the
samples subjected to melt processing and HIP experience a nearly identical (even thickness of damage
layer) amorphous transformation from crystalline under ion irradiation, suggesting that fabrication method
does not affect radiation stability of the crystalline phases. Although, differential phase swelling may
potentially be more impactful in melt processed samples due to large grain size.

Irradiated layer
Irradiated layer
Unirradiated Hollandite

Unirradiated Hollandite

Figure 43. TEM observation of hollandite phase in irradiated CAF-11113 (left) and SW-1732 (right) samples.
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Synergistic Activities

A cooperative research and development agreement (CRADA) with ANSTO has also been in place to support
the project. As part of the CRADA, the compositions developed at SRNL were prepared (subjected to HIP) at
ANSTO and subsequently characterized by ANSTO, SRNL, and LANL. In addition, this work package is
augmented by DOE-NEUP projects that are being conducted collaboratively with Alfred University and
Clemson University. SRNL performed chemical-leach testing and analysis on various “designer” ceramic
waste form materials being explored as a strategy to optimize the ceramic waste form through tailoring the
amount and composition of the crystalline phases in the final waste form. Additionally, a student from
Clemson University worked at SRNL during the summer to prepare, test, and analyze gallium-doped ceramic
waste forms. Preliminary results indicate the retention of certain mobile species in aqueous environments
can be significantly affected by the stoichiometry of the primary phases.
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GLASS CERAMIC WASTE FORM DEVELOPMENT FOR FISSION PRODUCTS FROM USED NUCLEAR
FUEL (CLIENT NE)
J. V. Crum (PNNL), M. Tang (LANL), and C. Crawford (SRNL)

The borosilicate glass ceramic system is being developed to significantly increase waste loading of HLW
generated during aqueous reprocessing of UNF relative to borosilicate glass (Crum et al. 2010, 2011). Glass
ceramics are designed to be a single-phase melt at melting temperature and transform into a glass ceramic
upon cooling inside the canister. This is achieved by tailoring the melt chemistry to favor crystallization of a
large fraction of the insoluble MoOs and lanthanides, which typically limit waste loading in borosilicate
glass, into chemically durable and irradiation tolerant crystalline phases (oxyapatite, powellite, and
lanthanide-borosilicate). Development work to date has demonstrated the potential of the glass ceramic
waste form by achieving the following:

e Targeted crystalline phases upon slow cooling (FY 2012)

¢ 45to 50 mass% waste loading (more than double that of borosilicate glass) (FY 2012)

e Targeted crystalline phases shown to be tolerant to gamma and ion irradiation (FY 2012-2014)

¢ Chemical durability of the waste form shown to be similar to that of borosilicate glass (FY 2014-2016)

e Meltviscosity and electrical conductivity shown to be within the operating envelope of a cold crucible
melter (FY 2012-2015).

However, glass ceramics are still immature relative to borosilicate glass mainly due to the added complexity
of a multiphase waste form. The transformation process from a single-phase melt to a glass ceramic is
known qualitatively, but the exact sequence and temperatures when phase separation and crystallization
occur is currently the subject of two ongoing NEUP projects. Understanding the transformation process is
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important with regard to its impact on the melt rheology in the melter pour spout and canister as well as
phase assemblage and microstructure upon canister cooling, considering that the microstructure and phase
assemblage can impact the waste form durability. For these reasons, FY 2016 efforts focused on studying
melt rheology and the chemical durability of the glass ceramic waste form.

Glass Ceramic Melt Rheology (PNNL)

During FY 2016, a rheology study was performed on a set of glass ceramics to determine the impact of
crystallization on the melt rheology (yield stress and viscosity) in the melter pour spout and canister. Unlike
borosilicate glass where the melter pour spout is cooled to stop flow between pouring events, the glass melt
crystallizes significantly leading to high yield stress when pouring is restarted. The rheology of the glass
ceramic must be understood as a function of chemistry, time, and temperature to properly design a robust
pour spout. Additionally, as the melt flows into the canister it must flow sufficiently to spread and fill the
canister.

Rheology measurements were made according to ASTM C 965-94 procedure (rotating spindle) on nine
compositions as a function of temperature and time at temperature. Additionally, glass fibers were extracted
at temperature to examine microstructures for comparison to the melt rheology. Newtonian behavior was
observed at temperatures where melts were single-phase. Depending on the morphology of the melts, liquid
phase separation and crystallization caused Bingham and more complex shear thinning rheologies. Figure
44 shows the effect of temperature on yield stress, viscosity, and morphology for the centroid glass ceramic
composition (C42). The C42 composition showed fine- and large-scale phase separation and crystallization
during rheology testing that impacted viscosity and yield stress. The yield stress of C42 increased due to
liquid phase separation and fine-scale crystallization at ~1,275°C and further increased at temperatures
<1,200°C due to further crystallization and crystal growth based on the observed fiber morphologies.
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Figure 44. Left: Viscosity (blue circles), yield stress (red squares), and morphology as a function of temperature
with fixed 30-minute hold times for C42 (centroid composition). Right: SEM images—upper left, 1,174°C; lower
left, 1,195°C; upper right, 1,249°C; and lower right, 1,298°C.
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Table 8 summarizes the rheological behavior of the non-Newtonian melts, measured yield stress, and SEM
observations of morphology as well as the resulting temperature required to remelt the crystallized glass
inside the pour spout to a pourable rheology. Based on these results, the pour spout should be capable of
operating consistently at 1,350°C to accommodate the full glass ceramic compositional space.

TABLE 8. RHEOLOGY BEHAVIOR, OBSERVED PHASE, YIELD STRESS, AND PROJECTED POUR SPOUT
TEMPERATURE OF MELTS.

Yield Stress (Pa) at

Rheology Behavior Fiber Observations 1,125°C Pour Spout (°C)
023 Shear thinning Crystals 1,177 >1,300
024 Bingham Undetermined 1,174 1,250
025 Shear thinning Droplets 3,235 1,350
026 Bingham Crystals 53 1,200
027 Bingham Crystals 34 1200
028 Shear thinning Crystals and droplets 1,904 1,250
038 Bingham Undetermined 315 1,200
039 Bingham Droplets 1073 1,175
Cc42 Bingham Crystals 2,093 1,200

Long-Term Static Corrosion Testing (SRNL)

Long-term static corrosion tests are ongoing with glass ceramics fabricated at crucible scale (Phase I at
PNNL, Phase II at both PNNL and SRNL). Product consistency tests through 448 days using the ASTM C1285
(ASTM 2014) method have been completed on Phase II glass ceramics. Figure 45 shows the normalized
concentration for boron versus time from these tests. Elemental analysis by NanoSIMS (Crum et al. 2016;
Wang et al. 2016) shows that boron is detected in the glass phase and thus is a good indicator of glass
corrosion rate. Two of the glass ceramics (Outer 22 and Inner 29) show significantly higher release than the
other samples, which are all below 3 g/L. The overall trend in these longer-term corrosion data is similar to
durable HLW glass waste forms that show relatively high initial release (Stage I) followed by a longer-term,
lower-residual release (Stage I1). These Phase Il sample data are similar to the Phase I data that are also
plotted in Figure 45. Non-leached powders as well as leached powders from the Phase Il long-term 448 day
tests that show highest release (022 and 129) are currently being examined by SEM.
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Figure 45. Phase Il normalized concentration based on boron through 448 days. WF glasses from ALTGlass
Database (Jantzen 2013). Concentrations normalized to full wasteform composition.

Corrosion Testing in Dilute Conditions (PNNL)

Single-pass flow-through testing was performed to gather release rate data in dilute conditions (near
forward rate) for the C20 (centroid) glass ceramic produced at three different cooling rates (0.25X, 1X, and
4X, where X is the canister centerline cooling rate), at pH = 7 and 9, for a range of solution-flow-rate-to-
glass-surface-area ratios (q/S) at 90°C. The measured steady-state release rates for boron, molybdenum,
and neodymium at the highest tested q/S are given in Table 9 as a function of canister cooling rate and pH.
Figure 46 shows the B release rate as a function of pH and q/S with the highest q/S being at or near the
forward rate. Elemental analysis by NanoSIMS and SEM/EDS found B is essentially confined to the glass
phase, molybdenum is mainly confined to the powellite phase, and neodymium is mainly confined to the
oxyapatite phase. Thus, these elements can be used as indicators of the relative chemical durability of the
individual phases. In this initial stage of corrosion, the oxyapatite shows the lowest dissolution, while the
powellite and glass phase show similar dissolution rates at both test pHs. However, it should be noted that
the glass phase is the continuous phase and can limit the exposure of powellite and oxyapatite over time,
thus convoluting the results. All other major components in the glass ceramics are found in multiple phases.

In the future, each phase (residual glass, powellite, and oxyapatite) will be synthesized and tested separately
to gain a better understanding of release rates for each phase and how they relate to the behavior of the
overall waste form.
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TABLE 9. MEASURED STEADY-STATE RELEASE RATES OF BORON, MOLYBENUM, AND NEODYMIUM
(NORMALIZED TO FULL WASTE FORM COMPOSITION) AS A FUNCTION OF CANISTER COOLING RATE
AND PH FOR THE HIGHEST Q/S TESTED.

Mo
SONG68 Literature | B (glass) (powellite) Nd-144 (oxyapatite)
Cooling Rate | pHatRT q/Sm/s g/m?/d g/m?/d g/m?/d g/m?/d
1/4x 7 1.1E-05 3.0E-01° 2.2E+01 3.6E+01 6.0E-01
1/4x 9 5.1E-06 4.5E+00 to 4.0E+00 3.6E+00 <2.1E-03
5.5E+00°
1x 7 1.1E-05 3.0E-01° 2.2E+01 8.4E+01 1.3E+00
1x 9 4.8E-06 4.5E+00 to 4.2E+00 4.1E+00 <3.8E-04
5.5E+00°
4x 7 1.2E-05 3.0E-01° 1.3E+01 4.4E+01 7.3E-01
ax 9 5.7E-06 4.5E+00 to 2.7E+00 3.4E+00 <1.6E-03
5.5E+00°
a. Icenhower and Steefel 2015.
b. Jégou and Gin et al. 2000, Frugier and Gin et al. 2008.
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Figure 46. Boron release rate (normalized to full waste form composition)
versus q/S ratio at 90°C and pH = 7 and 9.
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Chemical Durability and Radiation Stability (LANL)

Static leach testing on nonirradiated and irradiated glass ceramic samples was performed using the
ASTM C1220 method. Here, 200 keV He (alpha) irradiation with a fluence of 1x1017 ions/cm?
(corresponding to a dose of ~2 dpa) at RT was used to simulate self-radiation during nuclear waste form
storage. The objective is to investigate radiation damage effects on chemical durability of glass ceramic
waste form samples. Two glass ceramic samples labeled as “C1-2013” and “I12-2013,” which represent
different locations in the canister, were tested in this study. ICP-MS and augur electron spectroscopy were
used to analyze leachates. Figure 47 shows the concentration of elements of nonirradiated and irradiated
C1-2013 samples after duration times of 7 and 28 days. Data from 12-2013 are not shown here, because they
exhibited results similar to C1-2013 data. All measured elements in irradiated samples exhibit higher
concentration in the leaching solution than those in nonirradiated samples, and long-term (28 days)
leaching data also show the same trend as short-term (7 days) data. The data suggest that alpha radiation
damage is detrimental to chemical durability of glass ceramic samples.

C1-2013 glass ceramic-static leaching-7days C1-2013 glass ceramic-static leaching-28days
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Figure 47. Leaching results (7 and 28 days) of nonirradiated and irradiated glass ceramic C1-2013 samples.

Oxyapatite has been proposed as a potential nuclear waste form prior to this work and is found in our
multiphase glass-ceramic samples. Radiation stability of single-phase oxyapatite and oxyapatite phase in
multiphase glass ceramic samples has been studied in past FYs. Here, in situ 1 MeV krypton ion irradiations
were performed on single-phase oxyapatite with a chemical composition of Ca2NdsSis0O26 at various
temperatures. The ion beam is produced by a tandem ion accelerator that is attached to a HITACHI H-
9000NAR microscope. The microscope was operated at 200 kV, and the radiation-induced microstructural
evolution was monitored intermittently by SAED patterns. The objective of these experiments was to study
the temperature effect on radiation tolerance and determine the critical amorphization dose of oxyapatite.
Figure 48 shows two sequences of SAED patterns of oxyapatite phase irradiated with 1 MeV krypton at RT
and 250°C, respectively. The oxyapatite phase was readily amorphized at a fluence of 2.2x101* krypton/cm?
(corresponding to a dose of 0.3 dpa) at RT, while at elevated temperature 250°C, no amorphization was
observed at very high fluences (2x1015 Kr/cm?, corresponding to 3 dpa). The data suggest the radiation
tolerance of the oxyapatite phase is improved at elevated temperature similar to waste storage temperature.
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Oxyapatite: in-situ 1 MeV Kr irradiation at room temperature

Figure 48. Sequences of SAED patterns for oxyapatites irradiated by 1 MeV krypton
ions at RT and 250°C.
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ELECTROCHEMICAL (ECHEM) WASTE FORMS

Advanced waste forms and degradation models are being developed for metallic and salt waste streams
generated during electrochemical processing of used fuel that optimize waste loading and simplify waste
form production. Key aspects addressed regarding metal waste forms were (1) formulating durable
compositions using HT9 clad fuel metal wastes, which has less chromium, molybdenum, and Ni than Type
316 steel and is less resistant to corrosion, (2) deriving environmental dependencies, and (3) measuring
model parameter values for HT9-based waste forms. Tests with advanced ceramic waste forms (ACWF)
addressed formulation of new binder glasses to increase salt waste loading, facilitate processing, and
generate durable waste forms. Several ACWFcompositions were examined in detail and subjected to
corrosion tests to confirm our mechanistic understandings of waste form production and corrosion
behavior.

Echem Metal Waste Forms
W. Ebert and V. Gattu (ANL) and L. Olson (SRNL)

A degradation model is being developed for metallic waste forms used in advanced fuel cycles utilizing
metallic fuels in steel cladding. A testing protocol using standard electrochemical methods has been
developed to (1) establish the technical basis of the degradation model; (2) identify key variables affecting
the corrosion rate and parameterize analytical models quantifying those effects, including waste form
composition and environmental conditions; (3) relate the electrochemical corrosion behavior to the release
rates of radionuclides immobilized in the waste form; and (4) provide confidence in the long-term release
rates calculated with the degradation model (Ebert 2014). The degradation model uses separate terms to
represent the effects of the alloy and solution compositions, the stabilizing effects of passivation, and the
effect of solubility limits on radionuclide release into solution.

An electrochemically based testing protocol was developed to support model development and measure
model parameter values (Ebert and Kolman 2013). Tests have been conducted to assess the chemical and
redox effects of solutions on the corrosion behaviors of several representative alloy waste form (RAW)
materials made with Type 316 or HT9 steel cladding and to understand corrosion processes for modeling
long-term behavior. Because HT9 steel has less chromium, molybdenum, and nickle than Type 316 steel and
is less resistant to corrosion, the benefits of adding trim metals to improve the long-term durability of HT9-
based waste forms are being evaluated. Four variations of RAW-6 were formulated to evaluate the benefits
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of adding different amounts of chromium and nickel on the corrosion resistance of waste forms made with
HTO cladding (see Table 10). The fuel waste provides molybdenum, which benefits waste form durability,
and the amounts of molybdenum in the RAW6 materials are included in the table.

TABLE 10. MASS FRACTIONS OF PASSIVATING ELEMENTS IN TYPE 316 AND RAW-6 MATERIALS.

Element  Type 316 RAW-6(Re) RAW-6(Ni1) RAW-6(Ni3) RAW-6(Ni5)
Cr 0.184 0.1674 0.1822 0.1534 0.1257
Mo 0.023 0.0268 0.0308 0.0300 0.0293
Ni 0.124 0.1214 0.0304 0.0789 0.1255

Ingots of each material were prepared by melting HT9 and reagent metals, and specimens cut from each
material were fashioned into electrodes for use in electrochemical corrosion tests. The testing approach
includes four major steps to provide data used for modeling long-term durability: (1) perform
potentiodynamic (PD) polarization scans to measure the bare surface corrosion behaviors in different
solutions, (2) conduct potentiostatic (PS) tests to monitor the evolution of the corrosion current and
electrical properties of the surface as it stabilizes at different imposed voltages in different solutions,

(3) measure solution concentrations of RAW constituents during PS tests, and (4) characterize corroded
electrodes to identify actively corroded phases. The tests discussed herein were conducted in 10 mM NacCl
solutions adjusted to pH values from 2 to 12 using H2SO4 or NaOH.

Figure 49 a shows the PD scans for these four materials in pH 3 solutions are very similar except for the
following: the Ecorr value for RAW-6(Ni3) is lower (about -300 mV), transpassive corrosion of RAW6(Re)
occurs at a higher potential (about 400 mV), and RAW6(Re) has higher corrosion currents in the passive
region. Tests with RAW6(Re) were conducted at ANL using a microelectrode and microcell, whereas tests
with the other materials were conducted at SRNL using a standard electrode and reaction cell. Figure 49b is
a SEM image of the corroded surface of RAW6(Re) after the PD scan at pH 3. The bright phase (Phase 1) is a
45Fe-33Zr-8Ni-5Cr-2Mo solid solution; the black regions (X) are voids where some regions of Phase 1 have
dissolved away; and the grey phase (Phase 2) is a 70Fe-20Cr-3Ni-3Mo intermetallic phase that is not visibly
corroded. The small light spots are molybdenum-bearing corrosion products. The same phases were formed
in the other RAW6 materials (with slightly different compositions) and corroded in similar fashion.
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Figure 49. (a) PD scans of RAW6 materials in pH 3 solution and (b) corroded surface of RAW6(Re) after PD scan.

Figure 50a shows the evolution of corrosion current density in PS tests at each voltage. The surface
stabilized in tests at 100, 200, and 300 mV but corroded actively in the test at 400 mV. The stabilized
corrosion currents are shown as circles in Figure 50b for comparison with the currents measured for the
bare surface in the PD scan. This shows moderate stabilization occurs due to passivation at moderate
potentials, but the passivation indicated by the PD scan is not sustained in the PS tests. The line drawn
through the results shows the dependences of the long-term rate on the redox potential of a solution that
can be used in the degradation model below 400 mV for dissolution in a pH 3 solution. The corrosion
current density measured in the PS test is used to represent the oxidation rate of the waste form, and the
electrochemical impedance spectroscopy (EIS) results provide confidence in the long-term stability of that
rate. The Bode phase angle plots of the EIS results shown in Figure 50c indicate that the RAW6(Re) surface
does not passivate in the test at 400 mV, the same two similar passivating layers form in tests at 200 and
300 mV, and a different passivating layer forms at 100 mV. The EIS results can be represented using
equivalent circuits to quantify changes in the electrical properties of surfaces stabilized at different
potentials and calculate the current-voltage dependence of each passivated surface. Equivalent circuit
modeling provides confidence in the long-term relevance of the behaviors measured in short-term PS tests.
Figure 50d is a circuit diagram fitting the EIS results for PS tests at 200 and 300 mV. The upper branch
represents the 45Fe-33Zr-8Ni-5Cr-2Mo solid (Phase 1), the lower branch represents the 70Fe-20Cr-3Ni-
3Mo intermetallic phase (Phase 2), and Rs represents the solution resistance. Phase 2 is passivated by
formation of a robust Cr20s layer, which is represented by the capacitor Ca.. The circuit element “0”
represents the oxidizing influence of autocatalytic H2 formation on the noble metals (Stern and Wissenburg
1959), which enhances formation of the Cr203 layer. Phase 1 is weakly passivated by formation of both ZrO-
and Cr203 layers: “W” is a Warburg element that represents the effect of ZrO: dissolution (i.e., charge carried
by Zr#), and “Q” is a constant phase element that represents the weak influence of a Cr203 film, which is not
an efficient passivating film due to the low chromium content of Phase 1.
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Figure 50. Results for electrochemical tests with RAW6(Re) showing (a) corrosion current densities measured
in PS tests, (b) comparison of currents measured in PD scan and PS tests, (c) Bode phase angle plots of EIS
results, and (d) equivalent circuit fitting EIS results at 200 and 300 mV.

As shown in Figure 51a, similar results were obtained for tests with RAW6(Ni3) at pH 3, except breakdown
of passivation occurred at 300 mV, which is consistent with the differences seen in the PD scans, and
cathodic reactions were dominant at -100 mV. The latter observation indicates Ecorr increased from about -
300 mV in the PD scan to above -100 mV due to surface stabilization. Figure 51b shows the normalized mass
losses of chromium and molybdenum in PS tests at different voltages calculated from solution compositions
measured after different test durations. Small amounts of chromium and molybdenum are released initially,
but releases slow as MoO3, Cr203, and ZrO: passive layers form in tests at 0, 100, and 200 mV; the initially
released chromium is removed from solution as layers form in tests at 100 and 200 mV. Active release of
chromium and molybdenum occurs in the PS test at 300 mV as the 45Fe-33Zr-8Ni-5Cr-2Mo phase corrodes.
The release behavior of rhenium is represented by that of molybdenum. The current densities measured in
the PS tests are included in Figure 51a to show how the Eh-dependence of the oxidation rate can be
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modeled. The rates in the passive region are extrapolated to lower voltages to provide bounding values for
conditions in which anodic currents are masked by cathodic currents. A discontinuity represents
breakdown of passivation at the high potential limit, and the transpassive corrosion rate measured in the PD
scan is used. This approach provides simple analytical functions for the Eh dependence at each pH,
temperature, and Cl- concentration that can then be used to derive functions for the dependencies on those
variables. The testing and modeling activities provide confidence in the approach taken for waste forms
developed for metallic waste streams.
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Figure 51. Results for electrochemical tests with RAW6(Ni3) showing (a) currents for stabilized surfaces in PS
tests compared to PD scan and (b) releases of chromium (dark symbols) and molybdenum (light symbols) into
solution during PS tests.
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Echem Salt Waste Forms
W. Ebert (ANL), S. Frank (INL), and B. Riley ( PNNL)

ACWEF materials are being developed to utilize Naz0 from the binder glass to convert all of the Cl-in the
waste salt to sodalite and optimize waste loading. The ACWF materials were formulated based on
understanding the production and corrosion behavior of glass-bonded sodalite ceramic waste form (CWF)
materials developed over the past 20 years (Ebert et al. 2016; Ebert 2005). The reaction used to generate
sodalite (at about 850°C) is:

Nai2(AlSiO4)12 + 4 NaCl — 2 Nasg(AlSiO4)sCl2 (2)
zeolite 4A sodalite

Reactions of other alkali metal cations with zeolite 4A form aluminosilicates rather than equivalent
chlorine-bearing phases. However, the addition of a sodium borosilicate glass to the system results in ion

exchange between the M+ from other alkali metal chlorides (MCI) and Na* from the glass to generate NaCl
and incorporate M* into the glass phase at the processing temperature as:

Na-0-Si=glass + MCl - M-0-Si=glass + NaCl 3)
and M?* as
Na-0-Si=glass + 0.5 MClz — 0.5 M-0-Si=glass + NaCl. 4

The first terms on the left hand sides of Reactions 3 and 4 represent Na* associated with a non-bridging
oxygen in the glass by a mostly ionic bond. These Na* exchange with M* and M2+ from the salt to generate
NaCl, which can then react with zeolite 4A to form sodalite, and M bonds with the non-bridging oxygen in
the glass (i.e.,, M is dissolved in the glass). The stoichiometries of Reactions 2, 3, and 4 control the salt waste
loadings in CWF materials. So-called ACWF materials are made using new binder glasses formulated to
provide sufficient sodium to convert all of the Cl- to sodalite to optimize salt waste loading, processing
operations, and waste-form performance. New binder glasses were also formulated with physical properties
to enhance the efficiency of reactions to form sodalite and produce a densified waste form by thermal
processing at ambient pressures. Characterizations performed on the as-made glasses included density,
dilatometric measurements (for glass transition and softening temperatures), and thermal expansion
measurements from RT to just above the softening temperature.

Prototype ACWF products were made using five new binder glasses having high Naz0 contents and various
amounts of a representative LiCl/KCl-based salt waste to generate ACWF materials with 11 to 14 mass% salt
loadings. Table 11summarizes the materials that have been evaluated and some physical characteristics. The
baseline materials were made using P57 glass with 8 or 11 mass% salt. The “Phase 1” ACWF materials were
all made with 11 mass% waste salt to compare the effectiveness of five new binder glass formulations. The
“Phase 2” ACWF materials were made using binder glass N4 with different salt loadings and amounts of
glass. The microstructures and corrosion behaviors were evaluated and compared with results of similar
tests run with CWF products that were made using the original binder glass P57 with 8 mass% of the same
salt (referred to as baseline CWF).
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Analyses included optical microscopy and SEM to characterize morphology and porosity (open and closed);
EDS, time-of-flight SIMS, and atom probe tomography for composition analyses; XRD (RT and hot-stage) for
phase distribution; and pycnometry and Archimedes’ technique for bulk density and closed porosity.

TABLE 11. MEASURED PHASE COMPOSITION, DENSITY, VOLUMETRIC POROSITY, AND SURFACE
POROSITY OF CWF AND ACWF PRODUCTS.

Phase Composition, mass%

Salt Waste Density, Porosity, Porosity,
Product ID Loading, % Sodalite Halite Glass gcm vol % area %

Baseline CWF Materials

CWF-P1-8 8 8.5 5.5 86 2.13 0.7 3.5

CWEF-P6-11 11 39 4.2 57 1.50 33 43
Phase 1 ACWF Materials

ACWF-N2-11 11 57 2.9 40 1.35 42 43

ACWF-N3-11 11 62 2.9 35 1.30 44 44

ACWF-N4-11 11 63 3.1 34 1.28 45 54

ACWF-N5-11 11 62 2.6 35 1.44 38 35

ACWF-N6-11 11 68 2.4 30 1.44 37 38
Phase 2 ACWF Materials

ACWF-N4F-11 11 70 3.7 26 1.45 38 40

ACWF-N4-12 12 67 3.6 29 1.37 42 33

ACWF-N4-14 14 61 7.5 31 1.40 40 26

ACWF-N4G-10 10 50 3.4 47 1.90 8.0 5.1

Compositional analysis confirmed that alkali exchange occurred during processing: essentially all of the
lithium and potassium in the salt-occluded zeolite were exchanged with sodium from the glass.
Representative results are shown in Figure 52 for an ACWF made with new binder glass N3 and 11 mass%
salt loading. The relative amounts of aluminum and silicon in the sodalite and glass phases reflect the
sodalite stoichiometry, and all boron remained in the glass phase.

A series of corrosion tests were conducted with the ACWF materials to verify the degradation behaviors
were the same as those measured for CWF materials. Most tests followed a modified ASTM C1308 procedure
to focus on the initial dissolution behavior in dilute solutions. These test conditions highlighted the effect of
element distributions between sodalite, glass, and unreacted salt (with the primary focus on cesium) and
confirmed dissolution kinetics of the sodalite and binder glass phases were controlled by surface
dissolution. For example, Figure 53a and Figure 53b show the cumulative releases of key elements from
ACWF-N4-11 and ACWF-N4-14. The linear results indicate the releases of all are controlled by surface
dissolution with no diffusion component, and the similar slopes for element releases from the different
materials indicate the same phases are dissolving. The similar slopes for boron and cesium indicate they are
being released from the glass phase, but the high y-intercepts for sodium from ACWF-N4-11 and both
sodium and cesium from ACWF-N4-14 indicate that significant fractions are released from unincorporated
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salt. This indicates the waste salt is effectively incorporated at waste loadings of 10, 11, and 12 mass% but
not at a waste loading of 14 mass%.

This work shows almost twice the amount of sodalite can be generated in ACWF materials using the new
binder glasses as that in the baseline CWF to achieve higher waste salt loadings while generating less halite.
Additionally, the thermal expansion coefficients of the ACWF materials better matched that of the sodalite
than CWF materials, which should result in less cracking and fewer voids in the waste forms. The phase
compositions in the ACWF materials confirmed our understanding of the reactions occurring during waste
form production. However, the porosities of the resulting ACWF materials are higher than is desired; this is
probably due to the lower glass-to-sodalite volume ratios in the ACWF materials. As shown by ACWF-N4G-
10, the porosity can be decreased by adding more glass. This lowers the waste loading to about 10 mass%
but does not significantly impact the waste loading on a volume basis and will not increase disposal costs. In
addition, waste form heat output will probably limit the amount of waste salt that can be accommodated in a
waste canister (Vienna et al. 2015), so ACWF materials near 10 mass% may be optimal for disposing of salt
wastes.
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Figure 52. Time-of-flight SIMS data for ACWF-N3-11 shown as (left) lines cans showing elemental distributions
and (right) distribution maps of Si+, Al+, B+, Na+, Li*, and K+ near a sodalite-glass interface.
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WASTE FORM DEGRADATION

Advanced waste forms and degradation models are being developed to immobilize wastes from aqueous
processing in borosilicate glass and radioiodine recovered from off-gas as Agl in an inert matrix material.
Experimental and modeling activities were conducted to develop a mechanistic understanding of waste
form degradation processes to reliably calculate radionuclide releases over long disposal times and ensure
that durable waste forms are produced. Waste form performance is also being simulated to provide
confidence that the degradation models are consistent with experimental observations and radionuclide
releases will be within regulatory limits.
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In-Situ Monitoring of Glass Corrosion Using Raman Spectroscopy
J. Ryan, B. Parruzot, S. Bryan, S. Devranathan, A. Lines, and A. Casella (PNNL)

Four glass corrosion experiments monitored in real-time were started in early June 2016, reaching 120 days
of alteration on 9/30/2016 and are continuing over FY 2017. In parallel, development of the in-situ
monitoring technique for static corrosion experiments has continued over FY 2016.

The Raman in-situ monitoring system consists of a 671 nm red laser, a 10-channel laser beam splitter, and a
10-channel spectrometer. Each stainless steel vial containing a glass corrosion experiment is equipped with
a probe (Figure 54) connected to the splitter and to the spectrometer though optical fibers. The acquisition
of supplementary vials and probes enabled the full monitoring capacity of 10 simultaneous experiments.

Figure 54. Stainless steel vessel for in-situ Raman spectroscopy of solutions contacting corroding glass.

This capacity extension allowed the startup of six glass corrosion experiments: two glasses (LAWA76 and
Advance Fuel Cycle Initiative) were altered at three different temperatures (20°C, 90°C, and 120°C).
Experimental constraints did not allow successful monitoring of the glass alteration at 120°C, but further
development of the experiment vial design should open the possibility of restarting these experiments. The
room temperature and 90°C experiments are still ongoing as of 9/30/2016 (120 days). LAWA76 at 90°C
shows a transition from Stage II to Stage III: Figure 55 shows the comparison of the BO4- Raman intensity
measured by the in-situ instrument (blue dots, BO4- signal predominates) in parallel with the total boron
concentration measured by ICP-OES (red squares). Additionally, shortly after the period shown here, the
signal decreased abruptly. After investigation, it was found that a massive precipitation of zeolites had
fouled the window of the probe, confirming our suspicions that the sample had entered into the accelerated
Stage Il behavior. Following cleaning of the window, concentration monitoring has continued and the rate
of Stage III dissolution will be evaluated for this glass. The Advance Fuel Cycle Initiative composition is
expected to enter Stage III soon.
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Figure 55. Experiment LAWA76 at 90°C: comparison of the in-situ Raman signal from the BO4- peak (blue dots
and left axis, BO4-signal predominates) with the total Boron concentrations measured by ICP-OES (red squares
and right axis).

In parallel, method development continued both on the front end, through the acquisition of more data
aiming to determine the detection and quantification limit and to calibrate both the B(OH)3 and the BO4-
signals from the in-situ measurements; and on the back end, through the structuration and the coding of
Matlab routines aiming at importing and treating the large quantity of data acquired over the duration of the
experiments.

Work performed during FY 2016 further demonstrated the ability of the in-situ Raman instrument to
continuously monitor glass corrosion. Through the continuation of these experiments, further developments
of the method, and the initiation of new targeted experiments, we aim to probe the triggering and sustaining
mechanisms for Stage Il in FY 2017.

Physics-based Model of Glass Corrosion
J. Ryan, P, Rieke, S. Hu, and Y. Li (PNNL)

The impetus behind the recent efforts to better understand and more accurately model glass corrosion
stems from international agreement that none of the models, as present in 2009, fully represented all the
observations during corrosion. The shortcomings of the many models have been pointed out in various
journal articles through the years. In short, reaction affinity models (generally based on the transition state
theory of mineral dissolution and the assumption that the decreasing rate of dissolution from Stage I to
Stage Il is due to the increase in silica concentration at the glass surface) often do not account for continued
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dissolution at high silica concentrations or explain the slowing of corrosion in systems where the solubility
of silicon is extremely high. Models that evoke the limited transport of reactants and/or products due to a
barrier layer within the alteration products cannot agree on either the species that is diffusion limited or the
medium that is limiting diffusion. The discrepancies of these models suggest the need for an explanation
that accounts for the formation and evolution of all the observed structures as well as the observed
behaviors. Only through a thorough understanding of these mechanisms can a model with a strong technical
basis be produced.

In FY 2015, we proposed a new model of glass dissolution based on the theory of morphological evolution.
In this model, mobile elements such as sodium, lithium, and boron are rapidly dissolved from the surface of
the glass during the initial contact of the glass material with water, leaving a silicate network with ion scale
pores which rapidly consolidates into a dense hydrated silicate material. The material has a relatively low
saturation point with respect to silica, and therefore is chemically stable in most high-silica conditions. The
model also assumed that the transport of dissolved glass ions through this layer is also slow enough so as to
be irrelevant when compared to the rates of other mechanisms. The model proposed that this film is driven
by interfacial energy minimization to change its morphology, exposing new areas of glass that are then
subject to further corrosion by the contacting solution. Therefore, the long-term dissolution rate is dictated
by the movement of the altered glass at this interfacial region.

Although the model can theoretically account for many of the observations regarding glass corrosion, it is a
dramatic departure from prior models. Rather than a chemistry-based approach to glass alteration, this new
idea is based on physical processes: forces and flow. For this reason, the theory must be tested and
demonstrated to be possible before it can be utilized. To this end we used phase-field modeling techniques
to evaluate the physics behind the model. Navier-Stokes equations were used to govern fluid flow while
terms for viscosity and surface tension were modified. Plateau-Rayleigh physics was used to generate the
initial instabilities in perfectly flat films to cause uneven surface energetics. As seen in XX, microstructure
changes at glass/fluid interface can be observed and we managed to produce a moving front that transitions
to a different morphology. The physics used were deliberately simple and the parameters were not matched
to any particular system, but the result was promising to at least show that the idea has scientific merit.
Modeling the effects of thermodynamic and kinetic properties on the system is underway.
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Solution

Figure 56. Model representation of the glass/fluid interface in 2-dimmensions with colors representing
materials properties. Note the transition from a material with water as the solvent (red) to water as a solute.

Gel Structure Characterization and Proxy Synthesis
J. Reiser, B. Parruzot, and J. Ryan (PNNL)

Beginning as an add-on from a NEUP project, we began a task to characterize and compare corrosion-
induced glass alteration layers with compositionally identical silicate gels. Corrosion-induced glass
alteration layers appear to have physical and chemical properties similar to those of synthetic silicate gels.
The properties of the corrosion product gels, however, remain poorly understood despite being an
important input in long-term performance models. This is because the alteration layers are relatively thin
and are always attached to a much more massive portion of remaining glass. Also, glass alteration studies
require long-term experiments (months to years) and the alteration layer is often too small for adequate
characterization even after these long periods. Conversely, silicate gels are relatively easily synthesized and
can be produced in large amounts. Isolating a structurally and chemically similar material will allow the use
of relatively straightforward characterization techniques to parameterize the structural and geochemical
properties of the material. In turn, this more complete dataset will dramatically improve the accuracy of
waste form performance models.

Most U.S. performance assessments for vitrified nuclear currently utilize some version or simplification of
an affinity-based rate law, with the dissolution dependent on the concentration of silicon in solution. While
this type of model reproduces the release of boron well, and while boron is seen to be a proxy for network
dissolution, the model cannot accurately reproduce concentrations of the rest of the species in solution
without including the formation of another phase. In 2012, Pierce et al. (2013) produced a report that was
notable for producing some of the best model fits for multiple elements to date. Their method was to use
estimated geochemical parameters for a complex amorphous silicate material that precipitates during the
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entire corrosion period. They argued that this complex amorphous silicate was the porous gel that is always
observed, which is a reasonable explanation. Experimentally determined parameters such as those
produced by this effort would reduce the uncertainty for this method and advance it from theory to practice.
Additionally, the work will add to the efforts to generate a mechanistic understanding behind the glass
corrosion behavior.

To determine whether the proxy sol-gel materials are suitable analogues for alteration gel layers, both gel
materials must share similar physical and chemical properties. Surface area, pore size and shape, density,
and chemical bonding structure are all being evaluated. In FY 2016, PNNL pioneered the use of positron
annihilation spectroscopy on corroded glasses, leading to a publication. PNNL also won beam time at the
Advanced Photon Source at ANL, performing a series of x-ray scattering experiments on a matrix of
corroded glasses and some sol-gel synthesized materials.

Reference
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Glass Corrosion
W. Ebert (ANL)

Methods were devised for implementing a glass degradation model in the transport model being developed
for performance assessment (PA) simulations to provide reliable radionuclide source terms. The ANL

Stage 3 glass dissolution model was used to represent the HLW glass degradation model that is being
developed within the MRWFD campaign. The GeoChemist's Workbench® software was used to implement
the Stage 3 model for the purpose of developing and refining computational methods that can be
incorporated and executed in the PFLOTRAN code that will be used in PA simulations. Simulations were
conducted to develop methods for dissolving glass and evolving the solution composition during the PA
calculations, modifying the dissolution rate as conditions evolve, exchanging data between the glass
degradation and transport models, and optimizing the time step used in the glass degradation model. These
provided insights into the relative sensitivity of the modeled behavior of parameter values for describing
glass corrosion and the modeled disposal system. The general glass dissolution behavior observed in
laboratory tests is shown by the black curves in Figure 57, and representation of that behavior in the ANL
Stage 3 model is illustrated in Figure 57. The curves represent the kinetics of glass converting to
thermodynamically stable phases by a dissolution-precipitation mechanism. The most important aspect for
modeling the long-term performance of glass waste forms is when (and if) the glass dissolution rate
increases from the low Stage 2 rate to a high Stage 3 rate.
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Figure 57. Illustrations of observed glass dissolution behavior and representation in the ANL Stage 3 model.

In PA calculations, various masses of glass will be dissolved into the volume of seepage water in a breached
waste package during each time step based on the glass dissolution rate, which itself will depend on the
composition of the seepage water (primarily the pH and dissolved silica concentration). Radionuclides will
be released at the same relative rate that the glass dissolves. Parameter values for implementing the Stage 3
model were derived from the results for long-term dissolution tests conducted at 90°C with about 140
different borosilicate glasses formulated to immobilize high-level and low-activity waste streams. Tests were
conducted following a modified ASTM C1285 procedure (S/V = 2000 m-1) wherein small aliquants of the
test solution were removed occasionally for analysis and replaced with equal amounts of fresh water. The
derived parameter values included Stages 1, 2, and 3 dissolution rates, elemental partitioning values
between solution and solids during glass dissolution in Stages 2 and 3, and solution conditions triggering
Stage 3 dissolution behavior. Relationships between the parameter values, with the glass compositions, and
with the measured glass corrosion behaviors were evaluated to gain insights into the interdependencies and
sensitivities to ensure behavior predicted by the glass degradation model is consistent with observed
behavior. Figure 58a shows the ranges of Stage 2 and Stage 3 rates derived from those test results, and
Figure 58b shows the lack of a relationship between the Stage 2 rate and Stage 2 pH. The low activity waste
glasses are represented by open symbols and dashed lines, and HLW glasses are represented by filled
symbols and solid lines The rates represent the mass fractions of B released from the glass and are
normalized to the glass compositions and test conditions. The pH values were measured at room
temperature and are about 1 unit higher than the pH at the test temperature of 90°C.
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Figure 58. Correlations between (a) Stage 3 rate and Stage 2 rate and (b) Stage 2 rate and Stage 2 pH.

The test results were analyzed to relate the solution composition to when (if) Stage 3 was triggered.
Although many tests have shown Stage 3 is coincident with zeolites precipitatation, no correlation could be
found with the concentrations of individual or combined species. For example, Figure 59 shows correlation
between tests in which Stage 3 was triggered (blue symbols) or was not triggered (yellow symbols) with
combinations of the pH or maximum concentrations of Al(OH)s~ or HSi03~. With Na*, these species are
nutrients for secondary phases triggering Stage 3. The lack of direct correlation may possibly be attributed
to an incubation time corresponding to the nucleation of zeolites in a super saturated solution, which is not
taken into account in the correlation shown in Figure 56. The model was modified to include an incubation
period that is initiated when the solution becomes saturated with respect to an unidentified secondary
phase. For example, the lines drawn in Figure 59 indicate possible threshold concentrations that must be
exceeded before the incubation period is initiated and Stage 3 is triggered. (Actual threshold concentrations
remain to be determined for disposal systems and the values in Figure 56 are only used to demonstrate the
approach.) These threshold concentrations are empirical parameters used to represent conditions
necessary to nucleate secondary phases that lead to triggering Stage 3, including the solution chemistry and
glass surface, but are not associated with any identified secondary phase. The phases that trigger Stage 3 are
probably precursors to those secondary phases that maintain Stage 3 and are identified experimentally. The
nearly constant Stage 3 rate observed experimentally is consistent with coupling the precipitation kinetics
with glass dissolution kinetics, not nucleation. Tests are planned for FY 2017 to measure incubation times in
modified ASTM C1285 tests conducted with several reference glasses in simulated threshold solutions, and
the ALTGLASS database will be further evaluated to identify and assess incubation periods in those tests.
These activities will be used to develop a method to include the effects of nucleation kinetics on triggering
Stage 3 in the glass degradation model.
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Figure 59. Scatter diagrams correlating whether Stage 3 was triggered (blue symbols) or not triggered (yellow
symbols) with pH and the maximum molar concentrations of Al(OH)4- or HSiO3-.

Modeling and Simulation

S. Kerisit (PNNL)

The overall scope of this work is to integrate and further develop existing computational capabilities into a
single geochemical reactive transport modeling tool that can provide a sound basis for understanding and
predicting nuclear waste glass performance. It aims to provide an environment for developing,
parameterizing, and assessing mechanistic models of glass corrosion and to ultimately inform the PA models
of nuclear waste disposal systems. The work is divided into two main thrust areas: (1) The development of
modeling tools to enable increasingly realistic glass corrosion simulations with a single multi-scale
framework and (2) the evaluation of mechanistic models to quantitatively assess existing as well as newly
proposed mechanistic models for a wide range of glass compositions and test conditions.

Development of Modeling Tools

The computational capabilities developed in this work consist of the Glass Corrosion Modeling Tool (GCMT),
the Glass Waste Form (GWF) degradation function in PFLOTRAN, and a Monte Carlo (MC) code of glass
corrosion.

GCMT runs in MatLab and is coupled to a geochemical code and a parameter-optimization program. These
functions enable GCMT to run several glass corrosion models (e.g., Residual Rate model, Grambow-Miiller
model, and Glass Reactivity with Allowance for the Alteration Layer [GRAAL] model) and optimize model
parameters for best fits to experimental data sets. In FY 2016, a new MatLab subroutine for solving
nonlinear sets of differential equations was implemented, which resulted in a 100x speed up compare to the
multi-physics software used up to now.

In FY 2016, the GWF degradation function was developed and implemented in PFLOTRAN, building on
previous work at ANL and Sandia National Laboratories to integrate the Fuel Matrix Degradation Model
intoPFLOTRAN. This required extensive revisions of the waste form module in PFLOTRAN. The degradation
function is based on the Aagaard-Helgeson model with an additional stochastically dependent Stage I1I
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dissolution process whose onset time and rate may vary. Several demonstration simulations were
performed that called the GWF degradation function and applied it to a subsurface process incorporating
flow and transport (see examples shown in Figure 60). This computational capability was tested on both a
Linux desktop and one of PNNL's supercomputers. Now that the interface with PFLOTRAN is operational,
more sophisticated models of glass corrosion can be implemented with relative ease.
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Figure 60. Snapshots from PFLOTRAN simulations showing the total SiOz(aq) concentration after 40 years from
the corrosion of (top) one waste form dissolving at a constant rate under left-to-right flow (log plot) and
(bottom) two waste forms dissolving at a constant rate under left-to-right flow with the lower waste form

transitioning to Stage IlII dissolution after 20 years (linear plot).

Progress was also made toward enhancement of the atomistic capabilities, namely the MC code of glass
corrosion developed over the past several years. Indeed, the MC code was coupled to PHREEQC, a
geochemical code used to compute solution speciation and growth kinetics of secondary mineral phases.
This coupling allows for leveraging the ability of the MC code to capture the dynamics of bond breaking and
bond making in the gel layer, and thus the evolution of the gel structure, while also providing a realistic
estimation of how dissolved glass components partition between specific solution species and how this can
affect glass corrosion. Examples can be found in (Rieke and Kerisit 2016).

Evaluation of Mechanistic Models

In FY 2015, an evaluation of four models (Aagaard-Helgeson, Residual Rate, Grambow-Miiller, and GRAAL)
was performed using GCMT against SON68 data for test conditions in which the flow rate and the surface-
area-to-volume ratio were varied and data on the CJn family of glasses (Gin et al. 2012), in which
composition was varied by adding calcium, aluminum, zirconium, cerium, and lithium to a sodium
borosilicate base glass. Based on this evaluation, we suggested that improvements would likely be achieved
through a more accurate treatment of the interactions between glass components within the alteration layer.
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In FY 2016, we therefore developed and implemented in GCMT an application of end-member solid-solution
theory to describe the gel layer, which we refer to as the Gel End Member (GEM) model. This work expands
on recent work reported in the literature by French scientists from the CEA. This model retains the form
used in the GRAAL model developed by CEA to describe hydrolysis of the pristine glass but describes the gel
layer as a physical mixture of simple oxyhydroxide phases and a solid solution, whereby the relative mass of
these phases may vary with time and their dissolution rate governs the concentration of each element found
in the aqueous solution. The GEM model is based on the gel layer mass balance equation:

o . mol ©)
O 3 (LG~ LGl 1 Ck, [

m

where the first two terms on the right represent the flux out of the gel layer due to dissolution of m simple
oxyhydroxides and that due to the dissolution of a solid solution with n end members, respectively. The third
term represents the flux of elements into the gel by hydrolysis of the pristine glass. The terms f, G, k, and I’
are the stoichiometric factors, concentrations, dissolution rates, and degrees of supersaturation,
respectively.

Overall, GEM aims to provide a rational way to select end members and determine the corresponding
solubility constant and ion activity product, which is currently one of the limitations of GRAAL. A detailed
derivation of the model can be found in Milestone M3FT-16PN030105146 (Rieke and Kerisit 2016).
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lodine Waste Form Corrosion
W. Ebert, T. Cruse, J. Jerden (ANL), and J. Ryan (PNNL)

The strategy for developing a degradation model for Agl-based waste forms was derived from the Eh-pH
diagram (as an example, see the diagram for [Ag*] and [I-] activities of 1E-7 molal in Figure 61a [Ebert et al.
2016]). The red lines separating the stability fields indicate the Eh values corresponding to the Ag/Ag*, I-/12,
I2,/103-, and I-/103- redox equilibria. The yellow area represents the thermodynamic stability field for Agl,
the blue area represents the stability range of Ag(0), and the pink areas represent the stability ranges of I(I)
and [(IV). The stability fields vary with the dissolved concentrations according to the Nernst equation.
Under environmental conditions within the yellow area, Agl dissolution will occur primarily by chemical
dissolution. In the blue and pink areas, Agl dissolution will also occur by the reduction of Ag* to Ag(0) and
by the oxidation of I- to I2 or 103, respectively. In a disposal system, these reduction and oxidation reactions
will be coupled to other redox reactions, such as the oxidation of ferrous to ferric as steel corrodes as

Fe2+ + Agl = Fe3* + Ag(s) + I (5
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The stability fields of Fe2+ and Fe3* are included in Figure 61a and show that Reaction 5 will be predominant
in acidic solutions under reducing conditions. The rate of that reaction will depend on the Eh and pH of the
solution, as well as the Agl surface area, and the Eh will depend on the Fe2* concentration. The objective of
the electrochemical tests is to determine the dependence of the Agl dissolution rate on the Eh-pH
conditions. That rate dependence will then be used to model the degradation rates of Agl-bearing waste
forms.
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Figure 61. (a) Stability diagram for 1E-7 molal Ag* and I- and (b) PD scans in pH 2, 3, 5, 8, 10, and 10 solutions.

The stability diagrams provide the thermodynamically favored speciation but not the redox kinetics
required for modeling waste form degradation. Electrochemical experiments are being used to measure the
dissolution kinetics of Agl following the reductive-dissolution mechanism pertinent to conditions in the blue
area, the oxidative-dissolution mechanism pertinent to the pink area, and the chemical dissolution
mechanism pertinent to the yellow area. Proof-of-principle experiments were conducted in FY 2016 using
electrodes made from pressed Agl powder fixed in epoxy and a potentiostat to represent the redox reactions
supporting reductive and oxidative Agl dissolution. Key results are summarized below. Future experiments
are planned in which FeClz (and other) solutions will be used to establish the solution Eh and measure the
dissolution rates of Agl electrodes and loose Agl powder. The electrochemically measured kinetics will be
used to interpret those experiments and to parameterize a degradation model.

Figure 61b shows a compilation of PD scans made at several pHs. As indicated in the Eh-pH diagram, Ag/Ag*
equilibrium is independent of the pH. The values of Ecorr in the PD scans are likewise pH-independent and
correspond with the Ag/Ag* equilibrium potential. The corrosion currents, which reflect the reduction rate,
are also pH-independent. This shows that the reduction of Ag* and oxidation of Ag(0) are the dominant
cathodic and anodic reactions in the system (i.e., the contribution of H* reduction is negligible).

The symbols on the Eh-pH diagram in Figure 61a show conditions used in cyclic potentiostatic tests in
which the electrode was initially immersed in a pH 4 or 5 solution at open circuit, and then a constant
potential was applied to the electrode for 1 day and then removed for a day. This drove reductive dissolution
for 1 day and then relaxed to Ecorr under open circuit conditions for 1 day. Figure 62 shows the result of
tests at -200 mV in the pH 4 solution. The upper panel shows the open circuit potentials measured between
applications of -200 mV. The value of Ecorr decreases slightly upon initial immersion, decreases significantly
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after the first application of -200 mV, and decreases slowly thereafter. The decrease is attributed to the
generation of Ag(0) and increased solution concentrations of I-. The lower panel shows the accumulation of
charge during each half-cycle. The positive slopes represent the positive currents for all anodic reactions
occurring in the system under open circuit conditions, and the negative slopes indicate negative currents for
cathodic reaction occurring at -200 mV. The negative currents are due to reduction of Ag* to Ag(0), and the
positive currents are due, in part, to reoxidation of Ag(0). The currents are proportional to the reaction
rates, and the reductive dissolution rates are about four times higher than the oxidation rates in each cycle.
Figure 63 shows the measured Ag* reduction rates as a function of the hold potential. (Note that Ecorr
values decrease to about 80 mV during the tests, so the hold at 90 mV becomes anodic.) The equation of the
regression line is rate = 0.72 exp(-6.9 Eh), where rate is in units of g(Agl) m2 d-! and Eh is in volts versus
standard hydrogen electrodes.

These scoping tests indicate the electrochemical approach is appropriate for measuring the environmental
dependencies of Agl dissolution rates for use in degradation models of waste forms made by encapsulating
Agl.
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Figure 62. (a) Potentials measured in tests cycling between applied potential of -200 mV and open circuit and
(b) charge response.
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Figure 63. Cathodic dissolution rates measured in pH 4 and pH 6 solutions.
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ZIRCONIUM RECYCLE
E. Collins (ORNL)

The FY 2016 accomplishments for the Zirconium Recycle Project included: (1) completed nonradiation
operability test chlorination of scrap cladding with 100, 250, and 500 g of cladding in metal
reactor/condenser test equipment to be used for a subsequent hot test; (2) modified equipment and the
operating procedure to enable remote operation with hot cell manipulators; (3) prepared formal operating
procedures and safety documentation and received ORNL management approval for installation and
operation; (4) designed, fabricated, and installed accessory equipment (chlorine cylinder storage cabinet,
piping and valves, flow control valves, and shielded plugs for conduction of piping and electrical /instrument
wires into hot cell); (5) installed equipment in the hot cell; and (6) demonstrated the initial large-scale
chlorination test of irradiated UNF cladding.

The metal equipment was prepared for use in future hot-cell tests to develop the chlorination process for
recovery, purification, and possible recycle of zirconium from UNF cladding. The primary components of the
equipment are shown in Figure 64 and include: (1) a horizontally oriented chlorination and sublimation
reactor, designed to chlorinate 100- to 500-g batches of UNF cladding, (2) a vertically oriented condenser to
de-sublimate, or condense, the zirconium tetrachloride (ZrCls) salt product, (3) a replaceable bottle for
collecting the salt product, and (4) an off-gas line and trapping system for collection of tritium gas released
from the cladding during the chlorination and a neutralization trap for excess chlorine (Clz). The reactor is
constructed from stainless steel, with a nickel-plated internal surface to provide maximum resistance to
corrosion, and is equipped with a perforated stainless-steel gas inlet and distribution tube and a stainless-
steel thermocouple well to enable measurement of temperatures inside the reactor. The condenser vessel is
also constructed from stainless steel and was initially equipped with a removable Teflon top plug and
rotatable wall scraper (no longer used), plus a conical bottom and O-ring-sealed connection for the
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replaceable salt product collection bottles and an off-gas exhaust tube. The reactor and condenser vessels
are connected with a ~4-in.-long, 2-in.-diameter stainless-steel “neck” tube that initially contained a large
Swagelok® connector but was later removed. Top and bottom heating mantles are provided for heating the
reactor and neck tube to the reaction temperature (350 to 400°C), and the condenser is jacketed for air
cooling to <200°C.

serand Support Stand

(a) Reactor, Conden:
‘ o

(c) Removable Boat with Cladding Tubes Support System (d) Removable Boat, Screen, and Outlet Filter/Absorber

Figure 64. New metal test equipment for hot-cell tests with 100 to 500 g of UNF cladding per test.

Nonradioactive Operability Tests

The purpose of the nonradioactive operability tests in FY 2016 was to test the unit with batch chlorination
of nonradioactive cladding samples and to identify components that needed further modification to enable
satisfactory remote operation after installation in the hot cell. Three batch chlorination tests were
conducted— sequentially using 100, 250, and 500 g of cladding—to test the operability of the metal
equipment and identify needed modifications. In each batch test, the cladding consisted of 90% Zircaloy-2
and 10% Zirlo (high niobium) cladding. During the third test, which was conducted with 500 g of cladding, a
procedure for stopping Clz flow, changing the product collector bottle, and then restarting Clz flow was
tested, and three product salt fractions were collected; the fractions contained 346, 403, and 424 g of salt,
respectively, for a total of 1.173 kg. Samples of each were analyzed by ICP-MS. Results are shown in Table 12.
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TABLE 12. RESULTS FROM 500-G CLADDING TEST.

Feed Cladding Product Salt

Condenser Inlet

Component
Calc. 1% (29%) 2" (34%) 3™ (35%) Deposit
ppmp Zr
Fe 1,650 2,663 4,607 7,852 1,600
Cr 920 <8 13 28 89
Ni 620 <8 <7 <8 16
Nb 1,000 789 1,277 1,977 150
Sn 13,800 357 1,019 197 554

The extra iron, chromium, and nickel were likely due to corrosion of the stainless-steel components of the
reactor. The chromium salt was only slightly volatile and appeared only in low concentration in the second
and third product samples, while the nickel salt was nonvolatile. As indicated in previous tests, iron
becomes more volatile, apparently changing from nonvolatile FeCl: to volatile FeCls, during the course of the
batch chlorination. Excess niobium is apparently an analytical variance but indicates that essentially all
niobium is volatile, as previous tests have shown.

The color of the salt product from the first test was dark orange, which also indicated the presence of
stainless-steel corrosion products. Subsequent mass analysis (ICP-MS) confirmed the presence of excess
iron in the salt product. However, upon disassembly of the test apparatus, very little physical evidence of
corrosion was observed, as shown in Figure 65 and Figure 66.

Figure 65. Bore of reactor.

Figure 66. Bore of condenser.
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In summary of the operability testing, two additional heating tapes, in combination with the existing heating
mantles, were found to provide the desired reactor temperature profile. Elimination of the rotating wall
scraper within the condenser and replacement with an external vibrator was found to be the best practice
for ensuring collection of the ZrCls salt product within the product collector bottles and minimizing
maintenance operations. Methods for mitigating pressurization of the gas inlet line were developed.
Accessory equipment was identified and designed for removal of residual ash powder from the reactor boat
and for enabling hot-cell manipulator access to both the cladding feed inlet and the opposite end-product
collection bottles.

Out-of-Cell Accessory Facilities

Design, fabrication, and installation of the out-of-cell accessory equipment for the Zirconium Recycle Project
tests with actual UNF cladding was completed on September 9, 2016, shortly before installation of the hot
cell equipment. As indicated in Figure 67, the out-of-cell equipment includes (1) a gas cabinet for a chlorine
cylinder, (2) piping and valves, (3) flow control valves, and (4) two shielded plugs in the hot cell walls, one
for gas flow piping from the charging area and one for electric power and thermocouple instrumentation
from the operating area.
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Figure 67. Zirconium recycle hot cell and out-of-cell equipment diagram.

Initial Large-Scale Chlorination of Zirconium Alloy Cladding from Irradiated UO, Fuel

The initial large-scale chlorination of zirconium alloy cladding from irradiated UO: fuel was completed. This
test was conducted using 100 g of Zircaloy-4 and M-5 cladding from Advanced Test Reactor fuel tests and
from a mixed oxide lead test assembly fuel rod. The irradiated fuel had burnup ranging from 9 to 50
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GWd/MT and was discharged in 2003 and 2008. Previous feasibility hot tests were made with ~15 g of
Zircaloy-2 cladding from the Dresden-1 boiling water reactor, which had been irradiated to ~24 GWd/MT
and discharged in 1975 (cooled for 38 years when the feasibility tests were conducted). The purpose of the
initial large-scale test was to determine the effects of chlorinating larger amounts of irradiated fuel,
processing higher-burnup and shorter-cooled UNF cladding, and using a chabazite absorber filter in the
reactor off-gas line for chemical and radioactive purity of the ZrCls product salt. The chlorination test unit
inside the hot cell is shown in Figure 68. A summary of the test parameters is given in Table 13.

Figure 68. Zirconium recycle test equipment in hot cell.

Weighing, sampling, and analyses of the product salt and residual ash from the initial large-scale
chlorination(s) will be done in FY 2017, and a mass balance will be determined. A similar large-scale
chlorination with added equipment for tritium capture from the chlorination off-gas stream is planned in
conjunction with the Reference Technologies and Alternatives Control Account, which is developing the
tritium trapping process. The routing of the off-gas stream from the hot cell to the trapping system located
in the charging area will require further safety approvals.

Page 107



MATERIAL RECOVERY AND WASTE FORM DEVELOPMENT

TABLE 13. TEST PARAMETERS FOR INITIAL LARGE-SCALE CHLORINATION TEST.

Type of Cladding Zircaloy-4 ~ 5% M-5
Reactor Irradiation Advanced Test Reactor, Catawba-1
Fuel Burnup 9-40 Gwd/MT
Fuel Discharge Date 2003, 2008
Weight of Cladding Tested 100.1g
Gas Flow Rates
Ar 200-320 mL/min
Cl, 100-334 mL/min
Reactor Temperature Range 360-382°C
Condenser Temperature 40°C
Volume of ZrCl, Salt Collected 150-200 mL
Duration of Chlorination 5 hours

Additional large-scale chlorination tests on UNF claddings from other types of zirconium alloy cladding are
planned for FY 2017, as well further scale-up tests to 500 g of cladding (which produces >1 kg of ZrCls
product salt). New accessory equipment to enable mechanical stripping of cladding from UNF fuel rods will
be required to provide the larger amounts of UNF cladding.

Collaboration was initiated in FY 2016 on secondary purification of the ZrCls chlorination product with the
NEUP teams at the University of Nevada at Las Vegas and the University of Tennessee. This collaboration will
continue in FY 2017.
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CoDCon Demonstration

G. ]. Lumetta (PNNL), S. A. Bryan (PNNL), C. Pereira (ANL), and B. Cipiti (SNL)

PNNL has been tasked to test a CoDCon flowsheet for separating a mixed uranium (U)/plutonium (Pu)
product from dissolved used nuclear fuel. The CoDCon testing will be performed at a scale of 1 to 2 kg of
uranium using simulated dissolved fuel solutions containing uranium and plutonium in concentrations that
would be expected in actual irradiated fuel. The primary purpose of the project is to quantify, using
laboratory-scale equipment, the accuracy and precision to which a specific uranium-to-plutonium
(uranium/plutonium) ratio can be achieved in a) the mixed uranium/plutonium nitrate solution produced
during the solvent extraction portion of the flowsheet and b) the solidified mixed uranium/plutonium oxide
product resulting from the co-conversion section of the flowsheet. The uncertainty associated with
achieving a specific target uranium/plutonium ratio will be established. For the purpose of this project, a
target value of 7/3 is established for the uranium/plutonium mass ratio, in both the mixed
uranium/plutonium nitrate stream from the solvent extraction and in the final mixed oxide product.
Additional objectives of the project include the demonstration of optical spectroscopic techniques for real-
time monitoring of key components (e.g., plutonium, uranium, and HNOs concentrations) in the process
solutions, and developing and testing a method for conversion of the mixed uranium/plutonium nitrate
solution to the mixed metal oxide product at a scale suitable for the uranium/plutonium stream obtained
from the solvent extraction portion of the test.

Figure 69 conceptually illustrates the most important aspects of the CoDCon test, including the solvent
extraction steps to produce the mixed uranium/plutonium nitrate stream and its subsequent conversion to
the mixed oxide. Under the scope of the existing project, the key steps to be performed in the CoDCon tests
are

e Preparing simulated dissolved fuel solutions to be used as feed for the tests

e Performing solvent extraction to separate the desired uranium/plutonium (uranium/plutonium)
product

e Converting the uranium/plutonium nitrate solution to oxide

e Characterizing the uranium/plutonium product and the bulk uranium product.

The capability to perform the CoDCon tests will be established in PNNL's Radiochemical Processing
Laboratory (RPL). On-line monitoring will be incorporated into the CoDCon testing equipment to provide
real-time feedback to the researchers as to the concentrations of key components at strategic points in the
test system. The testing apparatus will be constructed using a bank of sixteen 2-cm centrifugal contactors
that is already installed in a shielded glovebox in the RPL.
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Figure 69. Conceptual schematic of the CoDCon flowsheet.

CoDCon Flowsheet

A CoDCon flowsheet was developed by C. Pereira (ANL), J.D. Law (INL), and C.J. Phillips (Atkins Global),
using the AMUSE code. The flowsheet is designed so that each test run can be performed in three steps (as
constrained by the 16 contactor stages installed in the glovebox). The first step involves uranium and
plutonium co-extraction and nitric acid (HNO3) scrubbing of the loaded solvent, which consists of 30 vol%
TBP in n-dodecane. In the second step, the loaded solvent collected from the first part of the test is stripped
under reducing conditions to produce the desired uranium/plutonium nitrate stream; this step also includes
a re-extraction section. In the third step, the bulk uranium is stripped from the solvent.

Development of an Online Monitoring System

Control of the process parameters will be essential to the success of the CoDCon testing effort. On-line
monitoring systems will be employed to aid in maintaining the critical process parameters within the ranges
required to meet the target uranium/plutonium ratio of 7/3. In FY 2016, a plan was developed for the on-
line monitoring system (Bryan 2016). Six critical measurement locations were identified for
instrumentation in the CoDCon testing system as shown in Figure 70. Progress to date includes preparing
for and starting training-set measurements for chemometric analysis of process streams as well as initial
instrument design, testing, and optimization. Additionally, subcontractors have been identified for building
the software needed for implementing the chemometric models developed at PNNL for real-time monitoring
during process runs.
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Figure 70. Schematic representation of the CoDCon testing system indicating the solution monitoring locations.

Production of Uranium(IV)

Uranium(IV) will potentially be used in two parts of the CoDCon process. First, it will be used to reduce
plutonium to the +3 oxidation state during stripping of the loaded TBP solvent to yield the
uranium/plutonium nitrate product stream from the solvent extraction portion of the test. Second, if the
uranium/plutonium nitrate solution is converted to the corresponding uranium/plutonium oxide product
by oxalate precipitation/calcination, then reduction of the U(VI) to U(IV) will be needed to achieve efficient
precipitation of the uranium. An electrochemical system has been developed to reduce U(VI) to U(IV) at the
bench scale. The electrochemical cell is based on a design previously reported in the literature (Sini et al.
2013). Design of the cell was based on producing approximately 100 g of U(IV) at 100 g uranium/L

(0.42 mol/L) and 3 mol/L HNOs.

Electrochemical reduction of U(VI) to U(IV) was demonstrated, with quantitative conversion of the U022+ to
U#* within the uncertainty of the analytical methods used. To evaluate the stability of the U4 species over
time, the electrolysis product was stored with a minimum headspace to prevent aerial oxidation, and
sampled after a 21-day interval. Only 12% of the U** was found to have decomposed, based on the
absorbance at 647 nm (Figure 71).
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Figure 71. Visible spectrum of 100 g/L U4+ solution diluted 1:21 in 3 mol/L HNO3 taken immediately after
electrolysis (red trace) and 21 days after electrolysis (blue trace).

Modified Direct Denitration

The uranium/plutonium nitrate solution generated during the solvent extraction portion of the CoDCon test
must be converted to a solid oxide form to determine the uranium/plutonium ratio in the final product.
Analyses of this solid product from multiple runs will be used to determine the uncertainty surrounding
achievement of the 7/3 uranium/plutonium mass ratio. Modified direct denitration (MDD) is a leading
candidate method for the conversion from nitrate solution to oxide (Collins 2015). Development of the MDD
method at ORNL mostly utilized a rotary kiln method to heat the ammonium uranyl nitrate mixture to the
proper temperature for thermal decomposition to UOs. However, because of the relatively small amount of
material requiring denitration in the CoDCon tests, and the complexity of implementing it in a radiological
glovebox, work in FY 2016 focused on exploring a batch MDD protocol.

Three batch MDD experiments were successfully performed. The first used a uranyl nitrate solution in nitric
acid. The second and third also used a nitric acid solution of uranyl nitrate, but cerium(III) nitrate was also
added as a surrogate for plutonium. The uranium/cerium mass ratio in the latter two experiments was 7/3.
Although successful conversion to the oxides was achieved in the first two tests, the apparatus used was
plagued with a number of problems. Modifications were made to the apparatus before the third test and
these problems were successfully mitigated.

Figure 72 shows the product obtained from the second batch MDD experiment. Scanning electron
microscopy (SEM) examination of the mixed uranium/cerium oxide material indicated that it consisted of
mostly irregularly shaped agglomerates. Some agglomerated particles were on the order of 50 um in size,
but most of the primary particles appeared to be smaller than 10 pm. Some thin plate-like particles were
also observed. Elemental mapping of the SEM images using energy dispersive spectroscopy (EDS) revealed
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that the uranium and cerium were segregated from one another, suggesting the formation of their individual
oxide phases, without co-crystallization (Figure 72). The uranium/cerium mass ratio was determined using
EDS over two different areas of the SEM sample, yielding an average value of 71 wt% uranium, which is
consistent with the targeted value of 70% in this experiment. X-ray diffraction analysis indicated the
uranium/cerium oxide product to be mostly amorphous, but some gamma-phase UO3 and CeO2 were
evident.

Figure 72. Energy dispersive spectroscopy elemental mapping of the U/cerium oxide product from the second
MDD experiment: upper left, primary SEM image; upper right, oxygen; lower left, cerium; lower right, uranium.

Modeling of On-Line Monitoring

A Matlab-Simulink model is being developed to guide and further investigate the use of on-line monitoring
for real-time control of the process. While the majority of this effort will be in the next FY, initial planning
meetings provided enough information to start building a model. The model will be calibrated using
experimental data and then can be used to explore a variety of scenarios that may be too costly to perform
experimentally. One of the key goals of the modeling effort is to determine uncertainties associated with
controlling the process.

Summary and Future Plans

A project to test the CoDCon flowsheet has been implemented. A proposed flowsheet for testing was
developed by researchers at partnering laboratories. Experimental work was started to resolve critical
technical uncertainties including the method to convert the mixed uranium/plutonium nitrate solution to a
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mixed uranium/plutonium oxide, and reduction of U(VI) to U(IV). The spectroscopic instrumentation
required to monitor the process streams during the CoDCon tests was identified. Collection of training-set
data required to develop robust chemometric models was begun.

In FY 2017, work will focus on the following:

e Testing and verification of the U(VI) reduction system

¢ Testing of oxalate precipitation and calcination as a means to co-convert the uranium/plutonium nitrate
solution to oxide, if the MDD method proves infeasible

e Deciding on the co-conversion method to be used
e Completing the collection of the training-set data
¢ Completing the chemometric model for determining solution compositions

e Procuring the needed spectroscopic equipment and installing it in a glovebox.
The first CoDCon flowsheet test is planned for the first quarter of FY 2018.
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Fundamental Separation Data and Methods

F-ELEMENT METRICS
A.Gelis and C. Launieri (ANL)

The microfluidic setup used for these experiments is described in a recent publication”. In this work we have
compared 2 new ligands-- HEDTTA (ORNL) and DTTA (INL) with HEDTA and DTPA for the americium
stripping from the loaded solvent.

The solvent was loaded with lanthanide and fission products, and scrubbed with AHA to remove
molybdenum. The experimental data points were fitted to a pseudo-first order reaction.

ln(l - Caq/Ceq): (kao + koa)*(A/V)*t

Where Cqq is the concentration of a nuclide in the aqueous phase; kao and koa are forward- and backward-
extraction rate constants; (A/V) is the specific interfacial area. The data are summarized in

Table 14, where Kobs=( Kao + Koa)*(A/V), and T1,2 is time of 50% mass transfer.

Based on these preliminary results, it appears that HEDTTA shows certain improvements over DTPA, but the
kinetics somewhat slower than HEDTA. DTTA shows the fastest kinetics among the tested compounds likely
due to the fact that it operates at pH 2.0. The experiments are underway to collect data points at different
concentrations of the extractants and pH of the aqueous phase.

TABLE 14. 0.033M T2EHDGA/0.5M HEH[EHP]/N-DDN, LOADED WITH AMERICIUM, PROMETHIUM
AND STABLE LANTHANIDE.

Aqueous phase*
0.01M DTPA/0.6M

malonate pH 2.8

Am
Kobs, 1/55

0.038

Am
T1/ 'S,

18.4

Pm
Kobs; 1/5

0.018

Pm
Tl/Zr S,

53

SFeq
(Pm/Am)

35

D(Pm)

5.7

0.125M HEDTA/ 0.2M
Citrate, pH 2.8

0.11

5.4

0.081

9.9

23

2.11

0.125M HEDTTA/0.2M
Citrate pH 3.0

0.093

7.4

0.10

7.1

33

6.23

0.02M DTTA/0.2M
citrate pH 2.0

0.31

2.2

0.16

7.5

29

0.74

*T=19 +0.42 C for all experiments.
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Launiere, C. A., and A. V. Gelis, 2016, “Industrial and Engineering Chemistry Research,” Vol. 55, No. 7,
pp. 2272-2276.

F-ELEMENT METRICS
P.R. Zalupski and J. D. Law (INL)

Two research directions continued harvesting data to support f~element solution chemistry efforts of
MRWEFD campaign. One focus area collects f-element optical absorbance data to construct a cross-actinide
matrix of extinction coefficients to ease f-element monitoring in solution mixtures. Second effort is geared
towards structural modification of aminopolycarboxylate aqueous holdback reagents to facilitate liquid-
liquid systems capable of fast equilibration and efficient actinide /lanthanide separation.

nitric acid: Optical absorption features for trivalent americium ion present in mixtures containing a wide
range of acid concentrations were collected. Spectrophotometric characterization of 240 solutions of Am3+*
have been completed, collecting a total of 480 spectral signatures for peaks at Amax = 503 nm and 813 nm.
Measurements were carried out for five Am3+* concentrations in 8 concentrations of total acid (0.1 M - 6.0
M), replacing perchloric acid with nitric acid in 20 % increments. Qualitative treatment of spectral
information affords a convenient method for estimating concentration of trivalent americium in solution
using the established linear acid dependencies for extinction coefficients as shown in Figure 73.
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Figure 73. Dependencies of molar extinction coefficients for optical absorption features of Am3+ in 8 total acid
concentrations, determined at six HC104: HNOs proportions. (a) Amax = 503 nm, (b) Amax = 813 nm.
Uncertainties are reported as +3c.

Quantitative analyses of optical absorbance data yielded stability constants for complexation of trivalent
americium by nitrate at a wide spectrum of acid concentrations.
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New and improved aqueous holdback complexant for ALSEP chemistry: Efficient separation of Am3* from all
lanthanides was accomplished below pH = 2.0 using a modified aminopolycarboxylate aqueous holdback
complexant. The structural variation involved a replacement of two acetate pendant arms of
diethylenetriaminepentaacetic acid, DTPA, by amide groups. Figure 74a demonstrates this capable
separation, where liquid-liquid distribution of trivalent f~elements was facilitated by liquid cation exchanger
2-ethyl(hexyl)phosphonic acid mono-2-ethylhexyl ester, HEH[EHP]. The new complexant,
diethylenetriamine-N,N”-di(acetylglycine)-N,N’,N”-triacetic acid, DTTA-DAG, effectively holds Am3+ in the
aqueous environment, while all trivalent lanthanides are extracted into organic phase. Efficient
differentiation of trivalent americium from trivalent lanthanides, and flat pH dependence in 1.5 < pH < 2.75
range, afford an opportunity to enhance the kinetic features of this liquid-liquid system.
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Figure 74. (A) Liquid-liquid distribution of 0.1 mM La3+ - Ho3+(each), and Am3+ (tracer) between organic
mixture of 0.75 M HEH[EHP] in n-dodecane and an aqueous electrolyte phase containing 0.02 M DTTA-DAG, 0.5
M malonate, I = 1.0 M adjusted with NaNO3, at p[H*] = 2.99, 2.76, 2.50, 2.36, 2.12, 1.93 and 1.86. (B) Comparison

of time dependent partitioning of 154Eu3+ for liquid-liquid distribution systems containing HEDTA and DTTA-
DAG. (©) 0.095 M HDEHP / 20.4 mM DTTA-DAG, pH = 2.3; () 0.065 M HEH[EHP] / 20.0 mM HEDTA, pH = 2.7.

The dominant kinetic barrier to fast attainment of equilibrium resides with high energetic cost of
restructuring the metal - aminopolycarboxylate complex. One of the mechanisms of its dissociation begins
with the complex protonation, and the kinetic rate of this reaction depends directly on the concentration of
hydrogen ions in solution. Accordingly, DTTA-DAG complexant, while lowering the operational pH scale for
efficient actinide /lanthanide separations, also yields a significant H*-catalyzed kinetic enhancement. Figure
74b demonstrates this kinetic “boost” by comparing the time-dependent studies for the partitioning of Eu3+
in liquid-liquid systems containing either DTTA-DAG or HEDTA. The matching trends collected for the
octadentate DTTA-DAG and pentadentate HEDTA predict that the new complexant will afford an efficient,
fast-equilibrating liquid-liquid system below pH of 2.0
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Preliminary measurements of promethium and americium back-extraction kinetics using droplet based
microfluidic method (Art Gelis, ANL) show a two-fold rate enhancement for DTTA-DAG (pH = 2.0), relative to
HEDTA (pH = 2.8). The liquid-liquid system based on DTTA-DAG yielded promethium/americium separation
factor of 29, reinforcing the results presented in Figure 74a.

FUNDAMENTAL RADIATION CHEMISTRY
B. Mincher (INL)

Radiation chemistry efforts for FY 2016 focused on three tasks:

e DGA Radiolysis: Investigate the radiolysis and hydrolysis of the short-chain DGAs and the radiolysis of
the non-symmetrical, dodecane-soluble DGA: D3DODGA in collaboration with SACSESS; both studies
designed to better understand structure/activity effects in ligand radiolysis

e Monoamide Radiolysis: Study the radiation chemistry of the monoamides in collaboration with CEA
Marcoule to better understand how these compounds and their degradation products will behave under
process application

e Acid protection: Work to understand the mechanism of nitric acid radio-protection of some ligands,
including continued radical cation rate constant measurements, and the examination of additional
ligands under acidic conditions in an attempt to understand what structural features contribute to this
effect

DGA Radiolysis: The non-symmetrical DGA: didodecyldioctyldiglycolamide (D3sDODGA) was irradiated for
comparison to previous radiation chemistry program work on symmetrical DGAs such as TODGA and
T(EH)DGA, (Zarzana et al. 2015) and Me-TODGAs (Galan et al. 2015). The D3sDODGA results were published
in Roscioli-Johnson et al. (2016). There was little difference between the degradation rate of DsDODGA and
those of TODGA and T(EH)DGA, and that rate was unaffected by contact with nitric acid or air sparging.
There is also a striking similarity in the degradation pathways of all the organic-soluble DGAs, as revealed by
their identified radiolysis products. This indicates that the diglycolamide center of these molecules and not
the side-chains is most vulnerable to radiolytic degradation, apparently all by reaction with a common
species produced by radiolysis of the diluent. For comparison, water-soluble DGAs were also irradiated in
FY 2016. Their radiolysis mechanism and products may be different in the absence of the organic diluent
radical cation. Since the water-soluble DGAs are subject to acid hydrolysis, hydrolytic studies were also
conducted to provide baseline information prior to irradiation. The HNO3 hydrolysis studies are complete,
while HCI hydrolysis samples, and the initial irradiation samples are currently being analyzed. These studies
were conducted in collaboration with co-authors in the SACSESS program, as witnessed by the author lists
in Zarzana et al. (2015), Galan et al. (2015), and Roscioli-Johnson et al. (2016).

Monoamide Radiolysis: The monoamide: diethylhexylisobutyramide (DEHiBA) was irradiated under various
conditions of acidity and aeration and the radiolysis rates and products were evaluated at both INL and CEA.
Similarly to the DGAs, the aqueous phase and air sparging had little effect on degradation rates. However,
the rate of monoamide radiolysis is about a factor of 10 slower than for the diamides. A loss of only about
30% of the monoamide concentration was found after delivery of an absorbed dose of 1,000 kGy. The main
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products of radiolysis were the diethylhexylamine, and monoethylhexylisobutyramide. In agreement with
these low degradation rates and the appearance of only these inoffensive products, there was little effect on
uranium extraction distribution ratios with irradiation. Uranium distribution ratios measured at INL using
irradiated DEHiBA samples are shown in Figure 75. These results support the reputation of the monoamides
as being relatively radiation-stable with respect to effects on their solvent extraction performance. A
manuscript that addresses these findings in detail is currently in collaborative preparation with co-authors
at CEA Marcoule.
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Figure 75. Uranium solvent extraction (Dy) from 6.5 M HNO3, (black symbols) and stripping, (grey symbols)
using irradiated, initially 1 M DEHiBA in dodecane. Irradiated organic phase only (open circles); sparged
organic phase (filled circles); contact with 0.1 M HNOs (open triangles); sparged contact with 0.1 M HNOs (filled
triangles); contact with 4 M HNOs (open squares); and sparged contact with 4 M HNOs (filled squares). Mean
error bars of + 8 % omitted for clarity.

Acid protection: The origin of the acid protection seen for some (for example, CMPO; Mincher etl al. 2013),
but not all (for example, DGAs; Zarzana et al. 2015, Galan et al. 2015, and Roscioli-Johnson et al. 2016),
ligands remains elusive, although progress was made during FY 2016. It is believed that acid radio-
protection and zero-order radiolytic degradation kinetics are related. For example, CMPO, C5-BPP, (Wilden
etal. 2016) and CyMe4BTBP and CyMe4BTPhen, (Schmidt et al. 2016) are aromatic compounds that show
both zero-order kinetic degradation and acid protection. The non-aromatic TODGA and T(EH)DGA(Zarzana
etal. 2015), Me-TODGAs (Galan et al. 2015), DsDODGA (Roscioli-Johnson et al. 2016), and DEHiBA (above)
exhibit first-order kinetic degradation and no acid protection. It is hypothesized here that the phenyl ring
may stabilize the charge transfer product of the ligand reaction with the diluent radical cation. This would
allow for slow, zero-order kinetic degradation rates. However, the acid protection phenomenon is more
difficult to explain. For CMPO, at least, it has been hypothesized that a strong CMPO acid complex reacts with
the radical cation to regenerate free CMPO, thus providing the reported radioprotection (Mezyk et al. 2016).
CMPO extracts about three times as much acid as does TODGA, and the acid complex is detectable by mass
spectrometry. Recently, DFT calculations have suggested that the diluent radical cation reaction is actually a
proton transfer, rather than the expected electron transfer. If this is the case, formation of the acid complex
may prevent proton transfer to the aromatic ring. This idea is speculative at this time, and aromatic DGAs
were recently irradiated in an attempt to address this question. These samples are currently being analyzed.
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THERMODYNAMICS AND KINETICS
A. Gelis (ANL), C. Launieri (ANL), and P. Bartl (ANL)

In the frame of the US-Czech scientific collaboration program, a Ph.D. student from Czech Technical
University in Prague, Faculty of Nuclear Sciences and Physical Engineering, Pavel Bartl spent over 5 months
at ANL under supervision of Dr. Artem Gelis to study the kinetics of actinide solvent extraction. Experiments
on Pu(IV), Am(III) and Pm(III) solvent extraction separation kinetics obtained with the Argonne
microfluidic solvent extraction setup were completed (Figure 76). Americium, plutonium and promethium
forward and backward extraction rates and mechanisms relevant to the EURATOM FP7 SACSESS program
were studied. Selected rate dependencies on the extractant and acid power are reported. It has been found
that partitioning of plutonium and americium in the TODGA-Dodecane-Nitric acid extraction system is
extremely rapid, indicating great potential for a successful process application. However, a non-integral
reaction order for plutonium and americium extraction by TODGA was observed, and more experimental
studies are required to determine the mechanism of the reaction. In the case of BTBP-Cyclohexanone-Nitric
acid system, the reaction follows pseudo-first order kinetics; however, the high miscibility of cyclohexanone
diluent with nitric acid prevented direct measurements of the specific interfacial areas, thus no extraction
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rate constants are reported for that system. The results were presented at the Ninth International Nuclear
and Radiochemistry Conference at Helsinki, Finland in September 2016.
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Figure 76. Kinetic curves of several Am(III) and Pu(IV) systems (see legend)
fitted as a 1.5th order. T = 23.0 + 1.0 °C.

THERMODYNAMICS AND KINETICS
L. Rao (LBNL)

In FY 2016, thermodynamic data were collected for the complexation of Np(V) with HEDTA in a wide pH
region, and the modelled by including a dimeric complex species, (NpOz)2(OH):L26 where L3- stands for the
fully deprotonated HEDTA ligand. The model provides better fits for the spectrophotometric titration data.
The presence of the dimeric complex species in high pH region was verified for the first time by the EXAFS
experiments at Stanford Synchrotron Radiation Laboratory (SSRL).
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Results

Thermodynamic data (stability constants and enthalpy)

Data from spectrophotometry and microcalorimetry are shown in Figure 77 and Figure 78. The best model
to fit the spectrophotometric data include the species NpO:L2-, NpOz2HL-, and (NpO2)2(OH)2L2°.
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Figure 77. Spectrophotometric titrations of Np(V) with Figure 78. Calorimetric titration of NpO,*/HEDTA (t =
HEDTA at / = 1.0 mol-L* NaClO,, t = 25°C. 25 °C, I = 1.0 mol-L? NaClO,).

The equilibrium constants of for these species are summarized in Table 15. The equilibrium constants for
the first two reactions from this work are in reasonable agreement with the values from previous studies,
taking into consideration the difference in ionic strength. However, discrepancy exists in the model
describing the data in the high pCux region: the data in the present study are best represented by the
formation of (NpOz2)2(OH):L2%, while the data from the previous study suggest the formation of
NpOz(OH)L3-. The EXAFS data from this work support the presence of (Np0O2)2(OH)2L2¢".

TABLE 15. THERMODYNAMIC PARAMETERS OF THE NP(V) COMPLEXATION WITH
HEDTA AT 25°C IN 1 M NACLO,.

AH
Reaction logB kJ-mol?
NpO,* + L3 = NpO,L2 6.91+0.06 (8.0£2.0) 105 + 7
NpO,* + HLZ = NpO,HL 4.28 +0.03 (2.2£2.0) 757
ONPO,* + 2L3 + 2H;,0 = (NpO,)2(OH),L,% + 2H* [(4.93 £ 0.03)
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EXAFS: Coordination structures in Np(V)/HEDTA complexes

The k3-weighted Np Lt EXAFS spectra and the fourier transform (FT) of three Np(V) solutions are presented
in Figure 79. An excellent fit was achieved with the proposed coordination structures for those Np(V)
species (Table 16).
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Figure 79. Np L1 EXAFS of three Np(V) solutions. (I) [Np] = 3.0 mmol-L-1, pCu = 2.5; (II) [Np] = 1.0 mmol-L-1,
[HEDTA] = 2.3 mmol-L-1, pCu = 9.4; (III) 2.0 mL, [Np] = 1.0 mmol-L-1, [HEDTA] = 23 mmol-L-1, pCu = 12. Black
solid line - experimental, red dash line - fit.

TABLE 16. EXAFS FITTING RESULTS OF NP(V) SPECIES IN SOLUTIONS FROM THIS WORK.

Solution®

| Np-Oax 2.0 1.82 0.0025 So?>=0.85, AE® = 5.56 eV
Speciation: 100% NpO;* Np-Oeq 4.6 2.51 0.0096 r=0.005, x%eq=13.0

Il Np-Oax 2.0 1.82 0.0046 So? =075, AE° = 8.05 eV
Speciation: Np-Oeq 3.8 2.41 0.0114 r=0.004, x?eq=14.5
100 % NpO,L* Np-Neg 1.0 3.95 0.0047

1] Np-Oax 2.0 1.82 0.0038 So?>=0.77, AE°=9.01 eV
Speciation: Np-Oeq 3.7 2.40 0.0089 r=0.005, y%ed=15.1
11% NpO,L* Np-Neq 1.0 2.93 0.0039

87 % (NpO2)2(OH),L,* Np-Np 1.0 3.95 0.0046
a. The Np(V) speciation (relevant to total [Np]) was calculated with the simulation program HySS2009 using the
complexation constants determined in this work.
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Summary

Three Np(V) complexes with HEDTA, NpOzL%, NpOzHL-, and (NpOz2)2(OH)2L2%, were included in the
modelling of spectrophotometric titration data. The hydrolyzed dimeric species, (NpO2)2(OH):L2¢-, becomes
significant in the high pH region. Data by EXAFS provide support for the presence of this species in aqueous
solutions of high pH.
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Domestic Echem

URANIUM/TRU CO-DEPOSITION AND FLUORIDE SALT STUDIES
J. Willit (ANL)

The basic premise of U/TRU co-deposition, namely, that in a molten salt containing uranium and TRU if the
current density exceeds the mass transfer limiting current density for uranium electrodeposition, the next
most electropositive species in the system, the TRUs will co-deposit along with uranium. Results from small-
scale electrochemical tests confirmed this premise.

Since completing those experiments, ANL has been conducting engineering-scale co-deposition tests using
lanthanides (Ln) as simulants for TRUs to establish equipment design and scaling parameters. Technology
development activities conducted over the last fiscal year included redesign of the cathode system to reduce
iR losses when passing current, installing a mechanism for making controlled, measured changes in the
electrode immersion depth, and upgrading to a new LabVIEW-based data acquisition system with greater
flexibility and ability to control the electrodeposition process.

With the equipment improvements, U-Ln co-deposition
was successfully demonstrated with uranium
concentrations below approximately 5wt% U in molten
LiCl-KCI eutectic salt. One of these co-deposits is shown
in Figure 80. As expected, plotting the cathode
potential vs. a Ag/Ag* reference electrode during
periodic open circuit current interrupts showed a
voltage plateau at a potential corresponding to the
lanthanide metals present in the electrolyte salt.

Tests also confirmed that the high current density U-Ln
co-deposition cathode can be operated in parallel with
uranium deposition at a second set of low current
density cathodes. Simultaneous U and U-Ln
electrodeposition are driven by two power supply
circuits that share a common anode. The anode
common to both circuits is the steel basket containing
metallic fuel constituents.

With feasibility demonstrated at the engineering scale,
the next phase of testing in FY 2017 will be to develop

procedures for characterizing and optimizing the co-

Figure 80. U-Ln co-deposit on engineering-scale - ’ .
solid cathode. Inset shows section of co-deposit. deposition cathode that take into account iR effects,

and cell geometry parameters.
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Fluoride Salt Study

In the fluoride salt studies, AC voltammetry was used to measure the fundamental electrochemical kinetics
of electron transfer during the deposition of uranium from a LiF-CaF: salt containing UFs. DC
electrochemical measurements are not able to measure all the key electrochemical parameters
independently because there are more variables than independent equations. Adding an AC component to
the technique however introduces additional independent equations that allow for all the variables to be
determined independently. AC voltammetry has been used to study electrochemical kinetics for the case
when both reactant and product are dissolved in the electrolyte. Use of this technique in the case where the
product is an insoluble solid deposited on the electrode required derivation of equations describing the
process. After developing experimental techniques that generated highly reproducible data, the general
behavior of the system predicted by the newly derived equations was validated experimentally in an
extensive series of tests. Rate constants and diffusion coefficients calculated using the newly derived
equations were consistent with reported values for uranium or analogue species in molten fluoride salts.
This work demonstrated that our extensive experience in high precision electrochemical measurements in
molten chloride salts can be utilized in similar studies in molten fluoride systems.

URANIUM/TRU CO-DEPOSITION AND FLUORIDE SALT STUDIES
G. Fredrickson (INL)

Voltammetry measurements and codeposition tests were performed in five different molten salt
compositions beginning with salt retrieved from the Mark-1V electrorefiner in the INL Fuel Conditioning
Facility (FCF). A series of lithium metal additions were made to reduce the uranium trichloride from the salt,
increasing the Pu:U ratio from 0.42 to 1.98. Codeposits of uranium and plutonium were collected on a solid
cathode at each of these five salt compositions. Results show that, in general, the Pu:U ratio in the deposit
increases along with the Pu:U ratio in the salt while lanthanide metals primarily remain in the salt phase. A
computational model was developed to help understand the codeposition process. Using the model,
separation factors for actinide and lanthanide elements with respect to plutonium were calculated. Both the
model and experimental results show that codeposition of plutonium and uranium with lanthanide element
rejection is possible using a solid cathode.

Cyclic voltammetry scans of the five different salt compositions are shown in Figure 81. As previously
mentioned, the immersion depth, and therefore surface area, of the working electrode was changed
following the first lithium addition. Because of this, direct quantitative comparison between these scans is
difficult. In general, all scans show the same features. At approximately -1.42 V (beginning at -1.36 V), there
is a cathodic peak representing the reduction of trivalent uranium to metallic uranium, followed by a peak at
approximately -1.75 (beginning at -1.62 V) caused by the reduction of transuranics, and -2.4 V (beginning at
-1.92 V), which represents the reduction of lanthanides:
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Figure 81. Cyclic voltammograms recorded at 200 mV s-1 in the range of -2.3 Vto -0.2 V.

Constant deposition coulomb open circuit potential (CDCOCP) is a technique that involves passing a known
amount of charge at a given potential to deposit species onto the working electrode. After this deposition
step, no current or potential are applied and the resulting OCP of the deposit on the working electrode is
measured over a period of time as the deposit either oxidizes or dissolves away from the working electrode.
OCP measurements following 2 coulomb deposits are shown at various deposition potentials in Figure 82.
These data show that at deposition potentials more positive than -1.7 V, the resulting OCP begins at
approximately -1.35 V and eventually rises to -1.1 V. This is indicative of a uranium metal deposit on the
working electrode, which dissolves away ending in the OCP of the clean tungsten wire. At a deposition of -
1.7 V, the OCP begins at a much more negative potential of around -1.65 V, indicating a TRU deposit on the
working electrode. As this TRU metal oxidizes off the electrode by reacting with the UCl3 in the salt, the OCP
rises to the uranium potential, and eventually the OCP of the bare tungsten wire. There is another jump in
beginning OCP when deposition is performed at -2 V. When this potential is applied, the resulting OCP starts
at approximately -1.9V, indicating lanthanide metal deposition. As the lanthanides oxidize from the
electrode, the potential rises to the TRU potential, followed by uranium and the clean tungsten wire OCP.
Finally at a deposition potential of -2.5 V, the OCP begins at around -2.25 V, likely indicating lithium
reduction. This OCP then rises to the lanthanide potential, followed by transuranics, uranium, and the
tungsten wire OCP.
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Figure 82. Open circuit potential measurement after a 2 C deposition at various potentials following the third
lithium addition resulting in a Pu:U ratio of 1.53.

Photographs of the five codeposits are shown in Figure 83. These deposits were formed at Pu:U ratios of
0.42,0.9, 1.46, 1.53, and 1.98, respectively.

Figure 83. Photographs of the ASC deposits.
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The compositions of the deposits are shown in Figure 84. From these data it is clearly seen that with
increasing Pu:U ratio in the salt, more plutonium and less uranium is deposited. Additionally, these data
show good separation between the transuranics (i.e., plutonium) and the lanthanides under all conditions.
The data in Figure 84 do not follow a consistent trend. For example, the upward trend observed in the first
three codeposits is discontinuous with the upward trend observed in the last two codeposits. The reason for
this discontinuity is technical; in programming the control and operation of the potentiostat, a 200-mV IR
compensation was applied to the first three codeposits and no IR compensation was applied to the last two
codeposits. The consequence is that the true deposition potentials of the last to codeposits were less
negative than anticipated; resulting in a decrease in the Pu:U ratio of the metallic deposits.
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Figure 84. Mass percent of uranium, plutonium, and lanthanides deposited versus the Pu:U ratio in the salt.
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Shaltry, M., R. Hoover, T. S. Yoo, N. Gese, B. Serrano, G. Fredrickson, and S. Li, 2016, FY-16 U/TRU Codeposition
Technical Report (Applied Technology), FCRD-MRWFD-2016-000050.
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Fuel Resources

SEAWATER URANIUM RECOVERY
S. Kung (DOE)

The Fuel Resources Program seeks to identify and implement actions the Department can take to assure the
long-term availability of economical nuclear fuel. The program evaluates fuel resources and develops
recovery technologies to increase resource accessibility to enable a sustainable fuel cycle. Priority attention
in the near term is focused on developing the technology for extraction of uranium from seawater. The
following activities are included in this effort: (1) Technical Support/Management provides technical
coordination of R&D activities within the Fuel Resources area and coordinates participation in working
group and review meetings, as well as international cooperative activities. (2) Advanced Grafting focuses on
the development of advanced adsorbent materials prepared by irradiation (electron-beam and gamma-ray)
induced and chemical grafting methods to increase the uranium adsorption capacity and selectivity; (3)
Advanced Nanosynthesis incorporates nanotechnology and nano-manufacturing techniques into the
development of advanced adsorbent materials to provide increased selectivity and capacity for uranium
recovery; (4) Ligand Design and Thermodynamics uses computational screening tools to rationally design
and evaluate ligands for enhanced selectivity and capacity, followed by rational synthesis of promising
ligands for subsequent experimental validation. (5) Marine Testing and Modeling conducts sorption and
uranium recovery experiments in several distinct marine environments, while the modeling component
provides data and adsorption models for scale-up and evaluation of marine deployment. (6) Cost Analysis
conducts cost and energy analyses and develops cost/energy models for newly developed adsorbents and
technologies. The purpose of this subtask is to aid in focusing R&D efforts on achieving evidence-based cost
minimization strategies. (7) Durability and Recycle conducts material durability evaluation and degradation
studies during the reuse of adsorbent to reduce the technology cost and performance uncertainties.
Contributions to the aforementioned activities are made by researchers at ORNL, LBNL, and PNNL, as well
as by university collaborators under the Nuclear Energy University Program.

Overall, the main accomplishment of the Fuel Resources Program in the past 6 years is revealed in

Figure 85, where it is shown that adsorbents developed in this program have tripled the uranium extraction
from seawater compared to adsorbents developed over the previous 50 years. Specifically, in 2016,
adsorbents developed by atom-transfer radical polymerization exceeded a capacity of 6 g uranium per Kg
adsorbent, following contact with seawater for a period of 8 weeks. Two additional classes of materials also
exceeded 5 g uranium per Kg adsorbent: adsorbents prepared by radiation-induced graft polymerization on
high-surface area trunk polymers, and commercially-available polymers that were surface modified without
radiation through application of a simple, scalable chemical treatment. These remarkable achievements are
the result of increased adsorbent density on trunk polymer fibers accompanied by an optimized ratio of
amidoxime ligand and co-polymer organic acid. In addition to increased adsorbent uranium capacity,
enhanced understanding of the functional activity of the amidoxime ligand has been demonstrated through
advanced spectroscopy, computational chemistry, and adsorption modeling. Major accomplishments in all
the activities of the Fuel Resources Program are described in this section.
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Figure 85. Review of uranium adsorbent capacity reported in the literature for adsorbents developed in the
past six decades. Adsorbents developed by the Fuel Resources Program in the past 6 years demonstrated a
3-fold increase in uranium capacity from seawater, as compared to adsorbents developed in the previous
50 years. Data are not normalized for deployment time.

Development of Novel Amidoxime-Based Polymeric Adsorbents

Various novel fiber adsorbents were synthesized in FY 2016 using radiation-induced graft polymerization
(RIGP), atom-transfer radical polymerization (ATRP), and through surface modification of commercially
available acrylic fibers. The goal was to develop new materials of high uranium adsorption capacity and
selectivity.

For the RIGP sub-task, the focus has been on improving uranium adsorption capacity, kinetics, and
selectivity by the incorporation of new hydrophilic co-monomers onto the high-surface-area polyethylene
trunk fibers and optimization of a large number of synthesis and process conditions. Several new
adsorbents were developed in FY 2016 that demonstrated uranium adsorption capacities ranging from 5.0
to 5.4 g-uranium/kg-adsorbent after 56 days of seawater exposure at 200C in flow-through column
experiments at PNNL (Figure 86). A key step in achieving these capacity improvements was the discovery of
using dimethyl sulfoxide as the solvent in the amidoximation reaction, as opposed to using the conventional
water-methanol solution. In addition, new co-monomers were grafted onto the high-surface-area
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polyethylene fibers that
enhanced the adsorption
capacities including
methacrylonitrile,
hydroxyethyl acrylate, and
methyl acrylate. The
adsorbent grafted with
methyl acrylate and
acrylonitrile, AN/MA-42kGy-
AO-DMSO, yielded
particularly high uptake
kinetics and attained a
uranium adsorption capacity
of 4.0 g-uranium/kg-
adsorbent after only 21 days
of seawater exposure at 20°C
in flow-through columns.
This result translated to a
greater than 50% increase in
adsorption capacity as

g-U/Kg-ads.

6 -
_45'059 04
5 T 504
. -
- — = T e
3.97 . P
4 L e e S A 3.95
3597 e~ oeemTTT
338 - AT 3.62
7335 P R S s S A 33
3 - o Ty et
YA -
X 4262 - --38H/AO-Regular
4}‘.-{;—"' & —a—AI8/AO-Regular
2 {; A -4 -AF1/AO-Regular
/ Y —a - AF1/AO-DMSO
1 2 —e - MAN1/AO-DMSO
¢/
i — @ -MANS/AO-DMSO
—&—AN/MA 42KGY/AO-DMSO
0 9 T T T T T T T T 1
0 7 14 21 28 35 42 49 56 63
Seawater exposure period (days)

Figure 86. Comparison of uranium adsorption capacities for ORNL’s new
(2016) and old adsorbents (regular).

compared to the AF1 adsorbent. Promising results were also realized by several adsorbents that were tested
at Broad Key Island, FL, in flumes containing ambient flowing seawater, and included 56-day capacities of
6.4 and 6.8 g-uranium/kg adsorbent for the AF1 and AF1-AO-DMSO adsorbents, respectively. Adsorbents
having high uranium selectivity were also developed that contained hydroxyethyl acrylate and acrylonitrile.

These adsorbents achieved
relatively low V/U ratios of less
than 1.85.

ATRP-synthesized fiber
adsorbents, including P(AN-co-
HEA) on PVC-co-CPVC fibers,
showed the highest
performance so far, achieving
6.56 g uranium/kg adsorbent
after 56 days of exposure in
natural seawater (Figure 87).

PNNL staff collaborating with
LCW Technologies and the
University of Idaho have
developed an amidoxime-based
polymeric adsorbent (Figure
88) using commercially
available and inexpensive
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@ ORNLSB12-8

Adsorption Capacity (g U/kg adsorbent)

30 40 50 60

Exposure Time (days)

Figure 87. Kinetic data of uranium adsorption by ATRP synthesized
adsorbent at ORNL.
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acrylic fibers. An adsorption capacity of
5.28 + 0.16 g uranium/kg adsorbent
(LCW-10 adsorbent, Table 1) was achieved
after 56 days of seawater contact. The
LCW adsorbent has a half-saturation time
(11.2 + 1.3 days) that is about half of the
AF1 adsorbent (22.9 + 1.7 days) and
displays greater uranium selectivity; the
LCW-10 adsorbent has a V/U mass ratio of
nearly 1, compared to ORNL adsorbents
which typically have V/U mass ratios
between 1.2 and 4. Because of the
inexpensive starting material and simple
production chemistry (no radiation
exposure or surface polymerization is
necessary) this adsorbent is predicted to
have a production cost around $330/kg,
which would make it competitive with

current uranium mining technologies.
PNNL and LCW Technologies jointly Figure 88. Example of an LCW adsorbent material prepared
using the polyacrylonitrile fiber K1 provided by ORNL. The

submitted an invention dlsclos-ure to tbe fiber was shaped into a form factor for exposure in the PNNL
U.S. Patent and Trademark Office on this flume for time series capacity testing.

new technology entitled: Converting

acrylic fibers to amidoxime-carboxylate

containing polymer adsorbents for sequestering uranium and other elements from seawater. Application
number 15/179,766.

Summary of Adsorption Capacity Studies Using Flow-Through Columns

Significant advances in uranium adsorption capacity have been achieved in FY 2016 by adsorbents
synthesized under the Fuel Resources Program. The new adsorbents are compared in Table 17 to earlier
adsorbents developed in this program. The adsorbents tested in prior years include the 38H, AI8 and AF1
adsorbents that were developed at ORNL. All the others listed in Table 17 were developed and tested in
FY 2016. There is nearly a doubling in adsorption capacity over the approximately 4 years of testing that
this table covers (2012-2016), from the 38H adsorbent with a 56-day capacity of 3.30 g uranium/kg
adsorbent to the more recent SB12-8 adsorbent with a capacity of 6.56 g uranium/kg adsorbent.
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TABLE 17. SUMMARY OF FLOW-THROUGH COLUMN TESTING OF AMIDOXIME-BASED POLYMERIC
ADSORBENTS DEVELOPED BY THE FUEL RESOURCES PROGRAM USING FILTERED SEQUIM BAY

SEAWATER AT PNNL.

56-day Adsorption Half-saturation
Saturation Capacity®® Capacity®® Time?t

Adsorbent N (g U/kg adsorbent) (g U/kg adsorbent) (days)
38H 4 4.29+0.24 3.30+0.18 16.9+2.8
Al8 1 5.17+0.18 3.54+0.12 25.8+2.1
AF1 5 5.56 £ 0.15 391+0.11 24015
AF1FR2 1 7.05+0.21 5.00+0.15 229+1.7
MAN1-AO/DMSO 1 6.70+0.22 5.04+0.16 185+1.6
MANS8-AQO/DMSO 1 7.75+£0.37 5.09+0.24 29.2+3.0
AN/MA/42kGY-al 1 8.43+0.72 5.13+0.44 36.0+6.1
LCW-MSL-10 1 6.34+£0.19 5.28 £0.16 11.2+13
SB12-8 1 8.90£0.45 6.56 +0.33 20.0+2.6
a. Determined at a temperature of 20°C using one-site ligand saturation modeling.
b. Normalized to a salinity of 35.

Effect of Current Velocity of Adsorption Capacity

A collaborative study into the effect of current velocity on amidoxime-based polymeric uranium adsorbent
performance was conducted by PNNL in collaboration with ORNL and Georgia Tech. Markedly different
results were obtained depending on whether the exposure was conducted using a flow-through column or a
recirculating flume (Figure 89). There was a minor difference in uranium adsorption capacity as a function
of the linear velocity for the seawater exposure using flow-through columns, but a very significant increase
in adsorption capacity was observed with increasing linear velocity in the recirculating flume studies. The
56-day uranium adsorption capacity at a linear velocity of 0.48 cm/s was 2.02 * 1.08 g uranium/kg
adsorbent, while the 56-day uranium adsorption capacity at a linear velocity of 8.24 cm/s was

4.71 £ 0.20 cm/s, more than a two-fold difference.

Modeling results showed that the mass-transfer coefficient increased mostly linearly with seawater velocity
in the flume studies, while remaining flat for the column studies. The difference in adsorbent performance
between the columns and the flume can be attributed to two features: (1) flow resistance provided by the
adsorbent braid in the flume, which significantly reduces the seawater velocity through the braid and (2)
enhancement in braid movement (i.e., fluttering) as linear velocity increases. Based on the flume studies, we
suggest that when ocean currents are greater than approximately 6 cm/s, adsorption capacities will be
maximized for a given adsorbent braid of a certain fiber density and form-factor.
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Figure 89. Time series measurements of uranium adsorption capacity as a function of the linear velocity of the
ambient seawater exposure. Left panel: Exposure in a recirculating flume. Right panel: exposure in a flow-
through column.

Marine Testing at the University of Miami’s Broad Key Island Research Station

Marine testing at Broad Key Island (BKI), FL, was conducted to validate adsorption capacity and adsorption
kinetics results obtained in Sequim Bay, WA, and to assess the effect of different oceanographic and water
quality conditions (e.g., temperature, dissolved organic carbon, salinity and trace element content) on
uranium uptake. Several formulations of the ORNL amidoxime-based polymeric adsorbents were
investigated. Marine testing at BKI offers the opportunity to test adsorbent performance under warmer
ambient and more saline conditions than those exist at the marine test site on Sequim Bay off the
Washington coast. This is particularly important since the uranium capacity of amidoxime-based adsorbents
responds strongly to temperature; the higher the temperature the higher the uranium adsorption capacity.

Flow-through column and recirculating flume experiments were conducted on five different amidoxime-
based adsorbent materials, four produced by ORNL (AF1, AlI8, AF8, and AF1-DMSO) and one by LCW
technologies (LCW-10), using ambient filtered seawater and identical exposure systems. All exposures were
conducted at ambient seawater temperatures in order to provide results consistent with a natural seawater
deployment in Florida coastal waters. The ORNL adsorbents AF1, AI8, and AF1-AO-DMSO all had fairly
similar adsorption capacities (6.0 to 6.6 g uranium/ kg adsorbent) after 56 days of exposure at ambient
temperature (26 to 31°C) and salinity (35.7 to 37.4), while the AF8 adsorbent was considerably lower at
4.4 g uranium/kg adsorbent (Table 18). All adsorbents tested at BKI had higher capacities than those
observed at PNNL, with the higher temperatures likely a major factor contributing to this difference.
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TABLE 18. COMPARISON OF 56-DAY URANIUM ADSORPTION CAPACITIES AND HALF-SATURATION
TIMES WITH ORNL ADSORBENTS FOR FLUME EXPERIMENTS CONDUCTED AT BROAD KEY ISLAND

AND AT PNNL.
PNNL \. Broad Key Island
56-day 56-day
Adsorption Half Adsorption Half
Capacity? Saturation Average Capacity® Saturation
(g U/kg Time Temperature Average (g U/kg Time
Adsorbent adsorbent) (days) (°C) Salinity adsorbent) (days)
ORNL AF1 3.86+0.18 23t1 30.1+0.7 35.7+0.9 6.35+0.10 25+1
ORNL AI8 3.54+0.17 26+2 26.6+1.4 35.9+0.7 5.96 + 0.24 21+2
ORNL AF8°¢ 26614 359+0.7 4,43 £0.81 51+2
ORNL AF1-AO-DMSO 5.04 £0.16 18+2 306+1.1 36.4+0.7 6.77 £ 0.56 21+2
a. Determined from one-site ligand saturation modeling of time series data obtained at a temperature of 20°C and
normalized to a salinity of 35.
b. Determined from one-site ligand saturation modeling of time series data obtained at the ambient temperature and
ambient salinity given in the table.
c. Characterization of AF8 at PNNL is ongoing.

In general, the elemental distribution (expressed as a relative percentage) on all the adsorbents agreed well,
including good agreement with the elemental distribution pattern for AF1 adsorbent exposed at PNNL
(Figure 90). The most notable exception to a uniform elemental distributional pattern occurs with
vanadium. The relative mass percentage for vanadium retained by the adsorbents ranged from a minimum
of 13% for the AF8 formulation to a maximum of 29% for the AI8 formulation; expressed in terms of a V/U
mass ratio, it varies from a low of 1.2 to a high of 2.7 for AF8 and AI8 adsorbents, respectively. All V/U mass
ratios at BKI are lower than those observed for the AF1 adsorbent at PNNL, with temperature likely playing
a significant role. As uranium has a higher adsorption capacity at higher temperatures, one would expect
that warmer exposures would favor a lower V/U mass ratio, which could explain why the V/U mass ratio for
the PNNL exposures are higher than observed for the BKI exposures.
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Figure 90. Relative percentage of the major elements adsorbed onto four different ORNL formulations of
amidoxime-based adsorbents from 56-day exposures at Broad Key Island, FL. Also included for comparison is
the AF1 adsorbent elemental distribution determined at PNNL in Sequim Bay seawater.
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A key step in predicting ligand selectivity and efficiency
at sequestering uranium is the ability to accurately
predict the stability constants (i.e., K1 values, commonly
reported in logarithmic form) for the uranyl and major
competing VO2* and VOZ2* ions. A computational
protocol has been developed based on density
functional theory calculations to accurately predict the
log K1 for U022+, VO2* and VO2* complexes (Figure 91). ABC o ABO A ox%cagons ABC ABC
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influencing the selectivity of the current generation of
amidoxime-derived sorbents. As follows from our
results, the cyclic imide dioxime (HzIDO) affords a more
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Figure 91. Comparison of experimental (green) and
predicted (red) log K1 values for A) VOz+, B) VO2+,
and C) UO22* complexes with identical ligands.
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preferable configuration for sequestration of uranium from seawater than the acyclic amidoxime (HAO). At
the same time, however, IDO? shows stronger binding affinity and higher selectivity for VO2+ over U022+ and
is likely responsible for the higher sorption of vanadium ions in marine tests, while AO- does not appear to
bind the VO2* ions at all under seawater conditions. Thus, selectivity of poly(acrylamidoxime) adsorbents
toward UO2%* versus VO2* could be improved by minimizing the formation of the cyclic imide dioxime. It was
also found that simple dicarboxylic functional groups possess low binding affinity and selectivity for uranyl
because they are poorly organized for the U022+ complexation, which is consistent with experiments.
Moreover, the obtained data enabled us to propose the utilization of the ligand design principles based on
structural preorganization to achieve a dramatic enhancement of carboxylates in U022+ ion binding affinity
and selectivity. This concept was exemplified through the investigation of the complexes of the U022+, VO2*,
and VO2* ions with the highly preorganized ligand PDA (1,10-phenanthroline-2,9-dicarboxylic acid), which
was found to be very selective for uranyl.

Characterization

Efforts in the characterization activity involved the continued application of X-ray Absorption Fine Structure
(XAFS) spectroscopy to determine how the adsorbent polymers actually bind uranium. Due to possessing
high sensitivity and atomic specificity, XAFS is the only technique capable of directly investigating the
coordination environment of metals extracted from environmental seawater by amidoxime-functionalized
polymers. Work completed during the previous year revealed small molecule surrogates do not adequately
represent how the more structurally and chemically complex adsorbents bind uranium, which was
published in the journal Energy and Environmental Science (Impact Factor 25.4). This article was also
highlighted on the rear cover of the journal, as well as in DOE Pulse, the webpage of the Advanced Photon
Source, and energy.doe.gov. XAFS investigation of an adsorbent copolymer composed of amidoxime and
phosphonic acid groups revealed similar behavior. This constitutes an instance of emergent phenomena,
macroscopic behavior arising from the interaction of molecules that individually do not display such
properties, and is expected to be critical for rational development of adsorbents possessing the desired
uranium uptake and selectivity. XAFS data regarding the vanadium binding environment have also been
collected, but in contrast to the aforementioned uranium binding mode, preliminary analysis indicates
vanadium is bound in a consistent fashion between the adsorbent polymer, the small molecule standards,
and the computationally-predicted binding model. These results are in the process of being published.
Ongoing efforts involve more detailed interrogation of emergent phenomena through investigation of
uranium binding as a function of polymer chain length and morphology by application of XAFS and small
angle neutron scattering.

Thermodynamic and Structural Studies

A rare, non-oxido V(V) complex with glutaroimide-dioxime (HsL), Na[V(L)z] -2H20(cr), was crystallized
from aqueous solution and characterized via x-ray diffraction. The complex was found to contain two fully
deprotonated L3 ligands bound to the bare V°* cation via two oxime oxygens and the imide nitrogen. An
intermediate complex, Na[VO2(HL)](cr), was also isolated and found to contain the typical VO2* moiety
present in many V(V) complexes. Further characterizations using 51V, 170, 1H, and 13C NMR spectroscopy
demonstrated the unprecedented stepwise displacement of the oxido oxygens to form the bare V(V)-
glutaroimide-dioxime complex. ESI-MS studies of V(V)-glutaroimide-dioxime solutions allowed the
identification the intermediate 1:1 M:L complex as well as the bare V(L)2 complex at m/z = 330.8.
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Structural insights into the much higher sorption of V(V) to amidoxime-based sorbents relative to U(VI) and
Fe(IIl) were gained by comparing the structural parameters of the V(V)-glutaroimide-dioxime complex with
the analogous U(VI)- and Fe(IlI)-glutaroimide-dioxime complexes. For these complexes, the degree of
protonation of the ligand was found to decrease from U(VI) to V(V). In conjunction with the substantially
shorter bond lengths observed for the V(V) complex relative to the other complexes, this implies stronger
bonding in the V(V) complex and higher thermodynamic stability. In fact, the trend in binding strengths
parallels the observed trend in sorption of these cations to poly(amidoxime) sorbents in marine tests.
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